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CORRECTION
Last sentence, starting on page 4, should read:
"The nuclei with the narrowest widths have A - 40, 90 and 208 
which correspond to either a closed neutron or proton shell.
The nuclei with A ~ 120-140, encompassing the closed proton 
shell of 50 to the closed neutron shell of 82, also have widths 
generally less than 5 MeV."
A mi esposa y ninos
PREFACE
This thesis describes a systematic study of the alpha capture 
reaction at excitation energies in the region of the giant dipole 
resonance. The work was carried out in the Department of Nuclear Physics 
at the Australian National University, between December 1971 and March 
1974.
The study evolved from a suggestion by Professor B. Spicer that 
an investigation of the 56Fe(a,YQ)60Ni reaction could provide evidence 
on the possible isospin splitting of the giant dipole resonance. The 
data for this experiment was collected with the help of Dr. R.A.I. Bell,
Dr. D. Branford, and Dr. R.B. Watson. Dr. Branford became my supervisor 
towards the end of the experiment. Prior to that I was supervised by 
Dr. P.B. Treacy. The other experiments described in Chapters 2-5 were 
initiated by Dr. Branford and myself, following helpful discussion with 
Dr. F.C. Barker. The data collection was carried out by Dr. Bell,
Dr. Branford, Dr. F.C.P. Huang, Dr. N. Shikazono, Dr. D.C. Weisser and 
myself.
The experiments described in Chapter 6 were initiated by myself, 
following discussions with Dr. Branford. The experimental work was 
shared between Dr. Branford, Dr. Shikazono, Dr. Weisser and myself.
The data analysis was almost entirely my own work with occasional 
help from others in the group. The fluctuation analysis described in 
Chapter 4 was principally the work of Dr. Branford and to a lesser 
extent myself. The Hauser-Feshbach calculations described in Chapters 
5 and 6 were entirely my own efforts. The changes introduced to improve 
the beam intensity referred to in Chapter 2 were suggested by Dr. Weisser.
The data analysis was performed on either an IBM 360/50 or an 
IBM 1800 computer. Many of the programs used were written by Dr. T.R. Ophel 
and if necessary modified by myself. The Hauser-Feshbach program was
written by l)r. P.J. Dallimore and modified by myself.
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ABSTRACT
A systematic study has been made of the alpha capture reaction 
on ls2d and lf2p shell nuclei at excitation energies in the region of 
the giant dipole resonance (GDR). The purpose of the study was to 
provide further evidence for the proposed isospin splitting of the GDR, 
and to investigate the role of isospin selection rules in the (a,y) 
reaction.
Differential cross sections and angular distributions were 
measured for the 38Ar(a,y)42Ca, 40Ar(a,y)44Ca, 48Ti (a,y)52Cr and 
56Fe(a,y)60Ni reactions. The results show that the (a,yQ) reaction 
proceeds through 1 levels and to a lesser extent 2 levels whereas 
the ( a ^ )  reaction proceeds through both 1 and 3 levels.
It was deduced, using fluctuation analysis, that the fine 
structure observed in the 38>40Ar(a,y)42»44Ca reactions was due to 
exciting individual isolated resonances, whereas the fine structure in 
the 48Ti (a,y)52Cr and 58Fe (a,y)80Ni reactions was probably due to 
Ericson fluctuations.
The smoothed (y,aQ) excitation functions together with published 
data for the 38Ar(a,y0)40Ca, 24>28Mg(a,yQ)28 3^0Si and 28Si(a,y)32S 
reactions were compared to those calculated using Hauser-Feshbach theory. 
Reasonable agreement was obtained in both absolute magnitude and shape 
for the N  ^Z nuclei, in contrast to the results for the N = Z nuclei for 
which the measured cross sections were much less than those calculated. 
These results are discussed with respect to isospin mixing and splitting 
of the GDR.
Angular distributions were also measured for the 28Si(a,yQ)32S 
and 24Mg(a,yQ)28Si reactions to look for evidence for a giant quadrupole
Xresonance below the GDR. Hauser-Feshbach calculations show that the 
observed E2 intensities are consistent with excitation of the GQR.
CHAPTER 1
INTRODUCTION
The giant dipole resonance (GDR) is the dominant feature of the 
photonuclear absorption cross section. It is observed as a broad 
resonance with a width ranging from 4 to 10 MeV and a peak energy which 
varies in excitation between 13 and 25 MeV. The strength of the resonance 
is such that it exhausts the classical dipole sum rule for most nuclei.
The GDR was first studied by the bremsstrahlung induced (y,n) 
and (y,p) reactions. Due to the continuous nature of the bremsstrahlung 
spectrum, differential cross sections could not be obtained with an 
energy resolution better than about 1 MeV. Therefore, these measurements 
exhibited only the gross features of the GDR. The fine structure and 
intermediate structure were studied later by means of the inverse (p,yQ) 
reaction using mono-energetic beams from Van de Graaff accelerators.
In addition to these direct methods, virtual photon excitation 
has been used extensively to investigate giant resonances. Inelastic 
scattering of high energy electrons is equivalent to photon excitation 
except that larger transfers of angular momentum can occur. Multipoles 
other than the dipole can therefore be excited by this technique. Recent 
evidence from inelastic electron, proton and alpha particle scattering 
suggest that a giant quadrupole, octupole and possibly monopole resonance 
are excited by these reactions, at energies within a few MeV of the GDR 
energy. This is discussed further in Chapter 6.
A method of investigating the GDR which has received little 
attention is the alpha capture reaction. This has been due in part to 
difficulties inherent in the small cross sections. However the (a,y)
2 .
reaction has certain advantages.
(i) The isospin impurities of highly excited states can be studied 
since the alpha capture reaction to the GDR of self-conjugate 
nuclei is isospin forbidden.
(ii) The theories of isospin splitting may be investigated for N f Z
nuclei since the reaction proceeds only through the T GDR
(T = T J  and not the T GDR (T = T +1) where T is the groundo > ^ o  0
state isospin of the final nucleus.
(iii) Angular distributions obtained for 0+ target nuclei can be 
interpreted unambiguously, allowing small E2 contributions 
to the cross section to be deduced.
The (a,y) reaction therefore appears to be a potentially fruitful 
source of information on a number of aspects of nuclear physics which are 
of current interest. This thesis describes a systematic study of the 
(a,y) reaction on ls2d and lf2p shell nuclei which was undertaken to 
provide further information on isospin splitting and mixing in the GDR.
In addition it was hoped to obtain evidence for a giant quadrupole 
resonance (GQR). The results of this study are described in Chapters 2-6. 
In the remainder of this chapter a brief review is presented of the 
experimental data and relevant nuclear models in order to provide a 
background to the discussion of the (a,y) results.
1.1 SUM RULES
The strengths of photonuclear reactions are frequently compared 
to the predictions of sum rules, which provide upper limits to the 
integrated absorption cross section of electromagnetic radiation by 
nuclei. The important property of sum rules is that they relate the 
absorption cross section to properties of the ground state of the target 
nucleus and do not require a knowledge of the properties of the excited
3 .
states. Numerous sum rules can be defined and these have recently been 
reviewed by O'Connell (O'Co 73). The most widely used is the classical 
dipole sum rule which can be derived in analogy to the Thomas-Reiche-Kuhn 
sum rule used in atomic physics. It can be shown using the Heisenberg 
matrix relation and the closure relation that, for an atom with Z electrons, 
the summed oscillator strength is
f, = Z . 1.1k
The oscillator strength is defined by
2mE
f = ---- I < k I z I o> I 2 1.2
k -h2
where z is the displacement of the particle of mass m in the direction 
of the photon electric field. The integrated cross section is proportional 
to the oscillator strength giving the Thomas-Reiche-Kuhn sum rule.
27T2e2h 2
J"crdE = ------  Z 1.3
me
For a nucleus this sum rule must be modified to take account
2of the fact that the effective charge of the neutron is - and that 
of the proton is ^ . The total absorption cross section over all dipole 
transitions then becomes
Ik
Ja (E)dE 2TT2 e2'h
Me
-z
2iT2e2'fi NZ .
Me A
which is » 60NZ/A mb. MeV, the classical dipole sum rule. The derivation 
of this sum rule ignores the presence of exchange forces which increase 
the absorption cross section above the value given by the sum rule (Ge 54).
A s i m i l a r  sum r u l e  f o r  i s o s c a l a r  quadrupole  r a d i a t i o n  was 
d e r iv e d  by Gell-Mann and T e leg d i  (Ge 53) who o b ta in ed  th e  r e s u l t
4 .
f o (  E2)/E2dE = tt2 z2 < r2> 137 3Mc2 A 1.5
/ a  (E2) /E 2dE = 0 .26  Z2/A1/3 yb/MeV . 1. 6
T his  sum r u l e  i s  used in  C hapter 6 t o  a s s e s s  th e  s t r e n g t h  o f  (y ,a )  c ro ss  
s e c t i o n s  f o r  E2 r a d i a t i o n .
1.2 THE GROSS PROPERTIES OF THE GDR
The g ro ss  p r o p e r t i e s  which c h a r a c t e r i z e  th e  GDR a r e  i t s  energy , 
w id th  and s t r e n g th .  Measurements o f  ( y ,n ) ,  (y ,p )  and t o t a l  p h o to n u c le a r  
a b s o r p t io n  c ro s s  s e c t io n s  have shown th a t  th e s e  p r o p e r t i e s  v a ry  system ­
a t i c a l l y  w ith  A.
The hydrodynamic model p r e d i c t s  t h a t  th e  energy  o f  th e  GDR i s  
ap p ro x im ate ly  g iven  by
should  be noted  t h a t  ex p e r im en ta l  GDR e n e rg ie s  f o r  n u c l e i  w ith  A < 150 
f a l l  below th e  p r e d i c t i o n s  o f  th e  hydrodynamic model. However th e  
e n e rg ie s  v a ry  smoothly w i th o u t  obvious ev idence  o f  s h e l l  e f f e c t s .
The w idth  o f  th e  GDR i s  p l o t t e d  as  a f u n c t io n  o f  A in  f ig u r e  1 .2 .
In c o n t r a s t  t o  th e  e x c i t a t i o n  e n e r g i e s ,  th e  w id ths  do e x h ib i t  prominent 
s h e l l  e f f e c t s .  The av e rag e  w id th  i s  about 5 MeV bu t in  th e  r e g io n s  
A = 24, 160 and 240 where t h e  n u c l e i  a r e  known t o  have la rg e  d e fo rm a tions  
th e  w id th  i s  much g r e a t e r .  The n u c l e i  w ith  th e  na rro w es t  w idth  have
v e r s u s  A. I t
1.7
6.
The fraction of the classical dipole sum rule (c.d.s) exhausted 
by the integrated photonuclear absorption cross section up to 30 MeV 
is shown plotted as a function of Z in figure 1.3. It can be seen that 
nuclei above Z = 20 exhaust the c.d.s. and that below Z = 20 the fraction 
gradually falls to about 0.6 for light nuclei such as 160.
Figure 1.3. Photonuclear absorption cross sections integrated to 30 MeV 
as a function of Z. The open circles are values obtained 
from total photonuclear absorption cross sections. The 
others are from (y,n) and (y,p) cross sections (Ha 70).
1.3 TYPES OF STRUCTURE OBSERVED IN THE GDR
Almost all nuclei exhibit the broad resonance in the photonuclear 
absorption cross section which characterizes the GDR. The possible 
exceptions are the light nuclei below mass 12 for which the dipole 
strength is very widely spread (La 74) .
For nuclei above mass 12 and below about mass 40 the GDR consists 
of several peaks with a width 'v 1 MeV. The shell model interpretation of
7.
this structure is that it is due to single particle transitions which 
arc grouped closely together to form the giant resonance. A frequently 
quoted example is the GDR of 180. Intermediate coupling calculations 
by Elliott and Flowers (El 57) identified large peaks at 22.2 MeV and
25.2 MeV as the l p ^ 2 lcl5/2 an<* t*ie ^3/2 lc*3/2 transiti°ns- A
second example is the 28Si GDR which was investigated by Singh et al.
(Si 65) using the 27A1(p,yQ)28Si reaction. The results of their measure­
ments are shown in figure 1.4. In addition to the broad GDR and the 
intermediate structure, there is also considerable fine structure with a 
width of ^ 50 keV. An analysis using fluctuation theory showed that the 
fine structure was consistent with Ericson fluctuations. This structure 
is interpreted as the breakdown of the simple single particle transitions 
into the more complicated compound nucleus configurations.
In the mass range A = 38-80 proton capture measurements have 
suggested that the GDR may be separated into two components of different 
isospin. An example is the 80Ni GDR which exhibits ^ 3.5 MeV wide peaks 
at 16.6 MeV and 19.6 MeV excitation (Di 71). These peaks were identified 
as the T< and T> GDR respectively using a theory of Goulard and Fallieros 
(Go 67). The theory predicts that all N / Z nuclei should exhibit two 
components but since the relative intensity of the T component is pro­
portional to y  , the T> GDR is difficult to observe in heavy nuclei. This 
is discussed in more detail in section 1.5.4.
In deformed nuclei in the mass region A a. 160, the width of the
GDR is very large and, for some nuclei such as Ho and Er, it actually splits
into two broad peaks (Sp 69). A simple explanation of these peaks is
offered by the hydrodynamic model which predicts that the GDR energy is
-Voinversely proportional to the nuclear radius, that is A For an
ellipsoidal nucleus with two characteristic dimensions, the GDR can have 
two energies, giving two peaks. This is considered further in section
1.4.1.
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Figure 1.4. Total cross sections for the 28Si(y,pQ)27A1 reaction 
(Si 65) and the 29>30Si(y,aQ)24>28Mg reactions (Me 68) 
obtained from the cross sections for the inverse reaction 
using the principle of detailed balance.
8 .
1 - A  NUCLEAR MODELS 
1 .4 .1  The Hydrodynamic Model
H i s t o r i c a l l y  Goldhaber and T e l l e r  (Go 48) proposed a number o f  
p o s s i b le  e x p la n a t io n s  o f  th e  GDR in  te rm s o f  c o l l e c t i v e  o s c i l l a t i o n s  
o f  n eu tro n  and p ro to n  f l u i d s .  These id e a s  were r e f in e d  by S te inw edel 
and Jen sen  (St 50) and in c o rp o ra te d  in t o  a two f l u i d  hydrodynamic model. 
In t h i s  model, th e  many p a r t i c l e  system i s  assumed to  c o n s i s t  o f  i n t e r ­
p e n e t r a t i n g  n e u t ro n  and p ro to n  f l u i d s  o f  c o n s ta n t  t o t a l  d e n s i ty  co n f in e d  
w i th in  a r i g i d  boundary . The i n t e r a c t i o n  o f  th e  photon e l e c t r i c  f i e l d  
w ith  th e  p ro to n s  s e p a r a t e s  th e  two f l u i d s .  The s e p a r a t io n  i s  r e s i s t e d  
by a r e s t o r i n g  fo r c e  r e l a t e d  t o  th e  symmetry energy term K(N-Z)2/A, 
in  th e  s e m i-e m p ir ic a l  mass fo rm u la .  A f r i c t i o n a l  f o r c e  p r o p o r t i o n a l  to  
th e  r e l a t i v e  v e l o c i t i e s  o f  t h e  f l u i d s  i s  in t ro d u c e d  to  damp th e  o s c i l l a ­
t i o n s  and produce th e  w id th  o f  th e  GDR. The th e o ry  i s  on ly  s t r i c t l y  
a p p l i c a b l e  to  heavy n u c l e i  s in c e  lo c a l  d e n s i t i e s  a r e  d e f in e d  in  th e  
c a l c u l a t i o n s  t o  c o n ta in  many n u c le o n s .  With th e s e  assu m p tio n s ,  th e  
r e s o n a n t  energy  E o b ta in e d  f o r  a sphere  o f  r a d iu s  R i s
2.08ft f8KNZ1 
0 R L MA.2 J 1. 8
The e f f e c t  o f  exchange f o r c e s  can be a r t i f i c a l l y  in c lu d ed  by th e  use  o f  
an e f f e c t i v e  mass. Depending upon th e  ch o ice  o f  R and K, t h e  r e s o n a n t  
energy i s  g iven  by
- V o
Eq 'v 70-80 A 3 .
The model a l s o  p r e d i c t s  t h a t  t h e  low est mode of v i b r a t i o n  should  exhaust 
86% o f  th e  c . d . s .
The model has  been ex tended  by Danos (Da 58) to  p r e d i c t  th e  
s p l i t t i n g  o f  th e  GDR in  perm anen tly  deformed n u c l e i .  For an e l l i p s o i d a l  
n u c le u s ,  th e  r e l a t i o n s h i p  between th e  re so n an ce  e n e rg ie s  E and E, , a long
3. D
9 .
the two principal axes is given by
0.911 a/b + 0.089 . 1.9
The intrinsic quadrupole moment Qq is related to the ratio of the axes, 
d = a/b by:
1.10
The quadrupole moment can therefore be determined from the observed 
splitting of the GDR. The values obtained are found to be in excellent 
agreement with Coulomb excitation measurements (Ha 70). Alternatively 
if the quadrupole moment is known, the splitting can be calculated and 
compared to the observed structure as a test of the hydrodynamic model.
A further refinement of the model, known as the dynamic collective 
model, couples the low-lying quadrupole surface vibrations to the giant 
dipole density vibrations (Ei 70). This introduces more structure into 
the GDR and removes the degeneracy of vibrations along the equal axes 
of an ellipsoidal nucleus. The model has been able to successfully 
explain much of the structure observed in the GDR of spherical vibrational 
nuclei (Sp 69). However the model fails to account for structure observed 
in the low energy tail of the GDR.
1.4,2 The Shell Model
The failure of the collective model to explain the non-statistical 
behaviour of the (y,p) reaction in heavy nuclei (Hi 47), led Wilkinson 
(Wi 56) to apply the shell model to the GDR. On this model, the photo- 
nuclear reaction can be considered to take place in three stages;
10.
(i) The absorption of a photon excites a single nucleon from one 
major shell to the next higher shell.
(ii) The excited particle shares its energy among other nucleons 
forming the compound nucleus or it can escape immediately, 
explaining the non-statistical behaviour of the (y,p) 
reaction.
(iii) Statistical decay of the compound nucleus occurs, giving 
evaporation spectra of neutrons and protons.
This simple time dependent description explains qualitatively 
all the important features of the photonuclear reaction. In particular, 
it provides a method of understanding the non-statistical behaviour of 
the (y,nQ) and (y,pQ) reactions, since the GDR can decay before the 
formation of the statistical compound nucleus. However the energy of 
the GDR, calculated using a potential well whose depth was adjusted to 
give the correct nucleon binding energy, was a factor of two below the 
experimental value.
The schematic model of Brown and Bolsterli (Br 59) showed that 
the correct energy for the GDR could be obtained if the residual inter­
action between the excited particle and the hole left in the core was 
taken into account. They observed that the particle and hole must be 
strongly correlated in angle if their spins were to couple to give 1 . 
Assuming the particle-hole force to be a simple zero range force, that is 
^pn Qfp_f-h) = Vo 6 (£p-t^), they showed that the dipole strength was con­
centrated into a single transition which was pushed up to a higher energy.
This calculation led to the description of the GDR in terms of 
the particle-hole model. In this model, the unperturbed transition 
energies are derived from experimentally measured energy level schemes 
rather than the harmonic oscillator spacings. The energy of the giant 
dipole state is given by the sum of the particle and hole energies, plus
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th e  energy o f  th e  r e s i d u a l  i n t e r a c t i o n .  The s in g le  p a r t i c l e  e n e rg ie s  
can be o b ta in e d  from th e  le v e l  scheme and th e  s e p a r a t io n  energy  in  th e  
A + 1 n u c le u s .  The e n e rg ie s  o f  th e  h o le  s t a t e s  a r e  o b ta in ed  in  a s im i l a r  
manner from th e  A - 1 n u c le u s .  The use  o f  th e s e  e m p ir ic a l  e n e rg ie s  
a u to m a t i c a l ly  in c lu d e s  th e  p a r t i c l e - c o r e  and h o le - c o r e  i n t e r a c t i o n s  
g iv in g  more r e a l i s t i c  u n p e r tu rb e d  e n e rg ie s  f o r  th e  d ip o le  s t a t e .  An 
example o f  th e  c a l c u l a t i o n  o f  p a r t i c l e - h o l e  m a tr ix  e lem ents  i s  g iven  
by E isenberg  and G re in e r  (Ei 72).
The c a l c u l a t i o n s  a r e  u s u a l l y  s i m p l i f i e d  by n e g l e c t i n g  2p-2h,
3p-3h s t a t e s  e t c .  and by on ly  c o n s id e r in g  th o s e  l p - l h  s t a t e s  formed 
by prom oting a p a r t i c l e  from 1 major s h e l l  to  th e  next, t h a t  i s  ig n o r in g  
t r a n s i t i o n s  a c ro s s  2 s h e l l s .  The j u s t i f i c a t i o n  i s  t h a t  th e  e n e rg ie s  
o f  th e  s t a t e s  n o t  c o n s id e re d  w i l l  l i e  much h ig h e r  in  energy . The 
p a r t i c l e - h o l e  model c o r r e c t l y  p r e d i c t s  th e  GDR energy  bu t o v e re s t im a te s  
th e  d ip o le  s t r e n g t h  in  l i g h t  n u c l e i .  T h is  i s  due in  p a r t  t o  th e  i n ­
c o n s i s te n c y  o f  u s in g  e m p ir ic a l  e n e rg ie s  and model w avefunc tions  which 
le ad s  to  a d ip o le  s t r e n g t h  t h a t  exceeds th e  c l a s s i c a l  d ip o le  sum r u l e .
Due to  th e  n e g le c t  o f  more com plica ted  c o n f ig u r a t io n s  th a n
l p - l h  s t a t e s ,  t h e  l p - l h  model f a i l s  t o  p r e d i c t  much o f  th e  s t r u c t u r e
t h a t  i s  observed  in  th e  GDR. Although th e  complex s t a t e s  a r e  expected
t o  l i e  a t  much h ig h e r  e n e r g i e s ,  t h e  r e s i d u a l  i n t e r a c t i o n  can lower t h e i r
e n e rg ie s  s u f f i c i e n t l y  to  b r in g  them down i n t o  th e  GDR r e g io n .  The e f f e c t
o f  th e  h ig h e r  c o n f ig u r a t io n s  on th e  c ro s s  s e c t io n  was i l l u s t r a t e d  by
c a l c u l a t i o n s  o f  G i l l e t  e t  a l .  (Gi 67 ) .  A pronounced d ip  in  th e
15N(p , y0) 16O c r o s s  s e c t io n  a t  22.7 MeV e x c i t a t i o n  which occu rs  a t  th e
same energy  as  a re so n an ce  observed in  th e  lt+N (d ,yo) 160 r e a c t i o n  was
i n t e r p r e t e d  a s  due to  i n t e r f e r e n c e  between a 2p-2h s t a t e  and th e  l p - l h
s t a t e s .  A s i m i l a r  d ip  a t  21 MeV e x c i t a t i o n  in  th e  15N(p,y ) 160 c ro s s
0
s e c t io n  a t  an energy  c lo s e  t o  a re so n an ce  in  th e  12C (a ,y Q) 160 r e a c t i o n  was
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a t t r i b u t e d  t o  i n t e r f e r e n c e  wi th a 4p-4h s t a t e .
A f u r t h e r  d e f i c i e n c y  of  t h e  p a r t i c l e - h o l e  model i s  t h e  assumption 
of  a pure  s h e l l  model ground s t a t e .  I f  2p-2h and more com pl ica ted  con­
f i g u r a t i o n s  a re  components of  t h e  ground s t a t e ,  many more s t a t e s  can be 
reached  d i r e c t l y  by t h e  d i p o l e  o p e r a t o r .  Th is  has  t h e  e f f e c t  o f  i n t r o ­
ducing more s t r u c t u r e  i n t o  t h e  GDR and o f  moving some o f  t h e  s t r e n g t h  
t o  h ig h e r  e n e r g i e s ,  p ro v id in g  a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  f a i l u r e  of  
t h e  p a r t i c l e - h o l e  model t o  p r e d i c t  t h e  c o r r e c t  s t r e n g t h  i n  l i g h t  n u c l e i .
A l l  bound s t a t e  c a l c u l a t i o n s  o f  t h e  GDR a r e  u n s a t i s f a c t o r y  s in c e  
t h e  GDR i s  u n s t a b l e  t o  p a r t i c l e  decay.  Th is  has  been ta k e n  i n t o  account  
by Buck and H i l l  (Bu 67) who used c o u p led -ch an n e l s  r e a c t i o n  t h e o r y  to  
s u c c e s s f u l l y  o b t a in  t h e  shape and magnitude o f  t h e  p a r t i a l  c r o s s  s e c t i o n s  
fo r  t h e  160 GDR.
1.5 ISOSPIN EFFECTS IN THE GIANT DIPOLE RESONANCE
1 .5 .1  I s o s p i n  Formalism
The p r o to n  and n eu t ro n  can be c o n s id e re d  as  two s t a t e s  of  t h e  
n u c leon ,d e f in e d  to  have an i s o s p i n  v e c t o r  t_. By c onven t ion ,  the
' s p i n  up'  p r o j e c t i o n  t  = 1/2 o f  t_ in  an a b s t r a c t  space  r e p r e s e n t s  the  
n eu t ro n  and t h e  ' s p i n  down' p r o j e c t i o n  t ^  = - 1 / 2 ,  t h e  p r o to n .  The i s o s p i n  
formalism i s  t h e n  com p le te ly  analogous  t o  t h a t  used to  d e s c r i b e  o r d in a r y  
s p in .  I s o s p in  o p e r a t o r s  a r e  d e f in e d  by
t
T h e re fo re  i f
= i v y y  ■ i/2{(? J), ( H ) .  (Itl } 
In> = (J) and Ip> = (?)
t z |n> = 1 / 2 1n> and £ z [p> = - 1 / 2 1p>
P r o j e c t i o n  o p e r a t o r s  can be d e f in e d  in  terms of
P* = (1/2  ± t p
t z by
1.11
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so that P4 j n> = 1 n> P 1 p> = 0
P 1 n> = 0 P 1 p> = |P>
These projection operators are useful for expressing the dipole 
operator in terms of isospin variables.
1.5.2 Isospin Selection Rules for Electric Dipole Radiation
The electric dipole operator is given by
Z
l e L
i=l
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Substituting the effective charges for the neutron and proton, and using 
the isospin projection operators,
I ^  (l/2-t J  - % (1/2+ t J  r.
i=l z J —i
e(N-Z)
l  i  - e.I ( h z) i  1=1 1=1
1.14
The dipole operator therefore separates into an isoscalar interaction 
which is associated with the centre of mass motion and an isovector inter­
action which depends upon t . For the particular case of a self-conjugate 
nucleus, the isoscalar interaction is zero. The transition matrix element 
for the isovector operator between an initial state |aI\T^> and a
final state cßT^T^J is proportional to
<3TfTfzl I z^^ ,ilotTiTiz> 
i = l
The a and 3 represent the unspecified quantum numbers. Using the Wigner- 
Eckart theorem to remove t h e d e p e n d e n c e  from the matrix element gives
(T.T. T_T ~1 iz f fz 1 0)<3T,
A
l(r.
i=l
. t ) . ■1 z 1 aT. > 1
14 .
The t r i a n g u l a r  c o n d i t i o n s  which must be s a t i s f i e d  by t h e  Clebsch-Gordan 
c o e f f i c i e n t  le ads  t o  t h e  r e s u l t  t h a t  T_ = T . - 1 , T . , T . +1. For a s e l f -f  i l l
c o n ju g a te  nuc leus  T^ = T^ = 0 and th e  Clebsch-Gordan c o e f f i c i e n t  i s
zero  u n l e s s  T. + T_ + 1 i s  even.  T h e re fo re  T_ = T. ± 1 and aT = 0 i f  f  l
t r a n s i t i o n s  a re  i s o s p i n  fo rb id d e n .  S ince  T^ = 0 f o r  s e l f - c o n j u g a t e  
n u c l e i  t h e  GDR has t h e  i s o s p i n  T = 1. T h e re fo re  t h e  decay of  T = 1 GDR 
by a lpha  p a r t i c l e s  or  d e u t e ro n s  (both T = 0 p a r t i c l e s )  t o  low - ly ing  
T = 0 s t a t e s  o f  t h e  r e s i d u a l  n u c l e i  i s  i s o s p i n  fo rb id d e n .  S ince  f i n i t e  
c r o s s  s e c t i o n s  a r e  measured f o r  the  (y,ctQ) and ( y , d^ )  r e a c t i o n s ,  th e  
ground s t a t e s  or  t h e  GDR s t a t e s  must c o n t a in  i s o s p i n  i m p u r i t i e s .  Th i s  
i s  c o n s id e r e d  i n  t h e  fo l l o w in g  s e c t i o n .
1 . 5 .3  I s o s p i n  Mixing in  t h e  Giant  Dipole  Resonance o f  S e l f -C o n j u g a t e  
Nucle i
I t  was observed  above t h a t  t h e  i s o s p i n  mixing in  t h e  g i a n t  d i p o l e  
r esonance  can account  f o r  t h e  i s o s p i n  fo rb id d e n  ( a , y Q) and ( d , y Q) r e a c t i o n s  
having  measurab le  c r o s s  s e c t i o n s .  Th is  mixing a l s o  a f f e c t s  th e  i s o s p i n  
al lowed  c h a n n e l s .  N e g lec t in g  t h e  e f f e c t s  o f  b a r r i e r  p e n e t r a t i o n  and 
th e  d i f f e r e n t  b in d in g  e n e r g i e s ,  t h e  ( y , n Q) and ( y , p Q) c ro s s  s e c t i o n s  
should  be equal  i f  i s o s p i n  was a s t r i c t l y  conserved  q u a n t i t y .  Th is  
fo l low s  from t h e  f a c t  t h a t  t h e  m a t r ix  e lements  f o r  decay t o  m i r r o r  n u c l e i  
a re  i d e n t i c a l  a p a r t  from th e  d i f f e r e n t  v a lu e s  of  T^ . However i t  i s  
found e x p e r i m e n t a l l y  t h a t  t h e  ( y , p Q) r e a c t i o n  has  a l a r g e r  c r o s s  s e c t i o n  
th a n  t h e  ( y , n Q) r e a c t i o n .  How i s o s p i n  mixing r e d i s t r i b u t e s  t h e  c r o s s  
s e c t i o n  can be unders tood  from a c o n s i d e r a t i o n  of  t h e  simple case  of  
mixing between two s t a t e s ,  a T = 0 s t a t e  (0Q) a t  an energy E^ and a 
T = 1 s t a t e  (Q1) a t  an energy E (Ba 57, Wa 72) .  As a r e s u l t  of  t h e  
Coulomb f o r c e ,  t h e  s t a t e s  w i l l  mix by an amount
<0olVc l V
a 1.15
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T h e r e f o r e ,  t h e  w a v e f u n c t i o n s  o f  t h e  m ixed  s t a t e s  c a n  b e  w r i t t e n  a s
0 _ + 010 
0 1
9 i - a 0 o
1 . 1 6
The r e d u c e d  w i d t h  a m p l i t u d e s  ( y ' )  o f  t h e  mixed  s t a t e s  c a n  b e  s i m i l a r l y  
w r i t t e n  i n  t e r m s  o f  t h e  r e d u c e d  w i d t h s  o f  t h e  p u r e  s t a t e  (y) s i n c e  t h e  
Y a r e  p r o p o r t i o n a l  t o  t h e  6 a t  t h e  n u c l e a r  r a d i u s .  F o r  e x a m p l e ;
Y '' on = y ^ „  + a' on Ym
1 . 1 7 a
Yi p
ii I-'
1 P Yop 1 .1 7 b
i
Y1 l a = Y0a
1 . 1 7 c
>-
- 
o II P I—1 -<J
1 . 17d
w h e r e  n ,  p e t c .  r e f e r  t o  n e u t r o n  and p r o t o n  e t c .  The r e d u c e d  w i d t h  a m p l i ­
t u d e s  f o r  o t h e r  c h a n n e l s  c a n  b e  o b t a i n e d  f r o m  e q u a t i o n s  1 . 1 6 .  I f  i t  i s  
a s s u m ed  t h a t  a l l  i s o s p i n  d e p e n d e n c e  o f  t h e  w i d t h s  i s  c o n t a i n e d  i n  t h e  
i s o s p i n  C l e b s c h - G o r d a n  c o e f f i c i e n t s ,  e v a l u a t i o n  o f  t h e  r e l e v a n t  C l e b s c h -  
G o r d a n  c o e f f i c i e n t s  g i v e s ,  Yo n /Y 0p = -1  an d  y ^ / y ^  = 1. S u b s t i t u t i n g  
t h e s e  r e s u l t s  i n t o  e q u a t i o n s  1 . 1 7  an d  n e g l e c t i n g  i n t e r f e r e n c e  t e r m s ,  t h e  
c r o s s  s e c t i o n  f o r  n e u t r o n ,  p r o t o n  an d  a l p h a  p a r t i c l e  e m i s s i o n  becomes
a (y , n )
a Cy,p)
P y 2 IY n ' l y  11 i n ”aY o n 1
( E - E p 2 ♦ i r 2
P y 2 l y .  +aY I p 1 l y  1 1 i n  o n 1
(E-E^ + \  r 24 1
0 ( a 2)
0 ( a 2 )
1 . 1 8
1 . 1 9
a (y , a )  P a 2y 2 y 2 a  l y ' Oa (En - E ) 2 + r 2 / 4  (E7 - E ) 2 + r 2 / 4
1. 20
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w h e re  P.. a r e  p e n e t r a t i o n  f a c t o r s .  I f  i t  i s  a s sum ed  t h a t  y = y l n > The
B a r k e r  an d  Mann f o r m u l a  (Ba 57) i s  o b t a i n e d ,
16.
a(y,nQ) P
öTyTp^T ” P
This result shows that small isospin impurities can produce large 
differences in (y,pQ) and (y,nQ) cross sections, providing a sen­
sitive test of isospin impurities. It must be emphasized that the 
formula is only applicable to the case of two levels and it neglects 
the interference effects. Frequently the formula has been used to 
determine the degree of isospin mixing at GDR energies where there are 
many overlapping, interfering levels. It is not obvious that the 
Barker and Mann formula is valid in these situations, although it might 
provide an estimate of an effective a if the (y,nQ) and (y,pQ) cross 
sections are averaged over many levels.
Experimental values of a for 4N nuclei obtained from (y,nQ) and 
(y,pQ) cross sections have been summarized by Hanna (Ha 73). The average 
value of a is about 0.1 with no obvious dependence upon atomic mass 
number.
The magnitude of a can also be estimated from (a,y) cross sections 
using equation 1.20. Although the objection can again be raised that 
the formula applies only to the two level case, the (a,y) cross section 
should be proportional to some effective value of a2 , since the reaction 
can only take place through isospin impurities. If the value of a, 
operative in the (a,y) reaction is the same as that obtained using the 
Barker and Mann formula for the (y,pQ) and (y,nQ) data, the (a,y) 
reaction should be inhibited by a factor of 100. In the one case 
where comparative measurements have been made, this large inhibition 
does not appear to be observed. Figure 1.2 shows the 28Si (y,a )24Mg 
and 30Si(y,a )25Mg excitation functions measured by Meyer-Schutzmeister 
et al. (Me 68) and the 28Si(y,PQ)27A1 results of Sing et al.
(Si 65). It can be seen that the (y,pQ) cross section is 
approximately 10 times larger than that for the 28Si (y ,a ) 21+Mg
1-aj 
l+a ] 1.21
r e a c t i o n .  This  could  be taken  t o  imply t h a t  t h e  (y ,a )  r e a c t i o n  i s
i n h i b i t e d  by th e  i s o s p i n  s e l e c t i o n  r u l e ,  bu t  by a much s m a l l e r  f a c t o r
th a n  expec ted  from the  v a l u e  of  a 2 d e r iv e d  u s in g  t h e  Barker and Mann
formula .  However a f l u c t u a t i o n  a n a l y s i s  o f  t h e  (y ,p  ) and (y,ct ) f i n e
0 0
s t r u c t u r e  showed t h a t  over 90% o f  t h e  (y ,p)  c r o s s  s e c t i o n  was non- 
s t a t i s t i c a l  whereas t h e  ( y , a Q) r e a c t i o n  proceeded  almost  e n t i r e l y  through 
t h e  compound n u c l e u s .  I t  was sugges ted  by Segel  (Se 66) t h a t  s i n c e  t h e  
magnitude o f  t h e  f l u c t u a t i n g  component o f  t h e  ( y ,p Q) c ro s s  s e c t i o n  was 
comparable t o  the  ( y , a Q) c ro s s  s e c t i o n ,  t h e  ( y , a  ) r e a c t i o n  was no t  
i n h i b i t e d  by i s o s p i n  s e l e c t i o n  r u l e s .  Th is  view i s  r e i n f o r c e d  by a 
comparison o f  t h e  30S i ( y , a  ) 25Mg and 28S i ( y , a Q) 24Mg r e a c t i o n s  which show 
t h a t  th e  i s o s p i n  fo rb id d e n  r e a c t i o n  has  a c r o s s  s e c t i o n  tw ic e  as l a rg e  
as  th e  i s o s p i n  al lowed  r e a c t i o n .  These r e s u l t s  t h e r e f o r e  appea r  t o  
sugges t  t h a t  t h e  i s o s p i n  s e l e c t i o n  r u l e  i s  i n o p e r a t i v e .  I t  was th e  
purpose  o f  t h e  s y s t e m a t i c  s tudy  o f  t h e  36, 3 8 ,40j\r  ( a , y Q) 40 *1+2» ^ C a  
r e a c t i o n s  d e s c r ib e d  i n  t h i s  t h e s i s  t o  p ro v id e  f u r t h e r  e x p e r im en ta l  
ev idence  in  the  hope of  c l a r i f y i n g  t h i s  s i t u a t i o n .  A second goa l  o f  th e  
s tudy  was to  i n v e s t i g a t e  i s o s p i n  s p l i t t i n g  o f  t h e  GDR.
1 . 5 .4  I s o s p i n  S p l i t t i n g  o f  th e  Giant  Dipole Resonance
For a nuc leus  with  N ^ Z, t h e  i s o s p i n  o f  t h e  ground s t a t e  i s  g iven 
by T q = (N-Z)/2.  O pera t ing  on t h i s  ground s t a t e  w i th  t h e  d i p o l e  o p e r a t o r  
can lead  to  s t a t e s  w i th  T = T (T ) or  T = T +1 (T ) s i n c e  aT = 0, + 1  
t r a n s i t i o n s  a r e  i s o s p i n  al lowed f o r  N /  Z n u c l e i .  The GDRs o f  t h e s e  
n u c l e i  t h e r e f o r e  c o n ta in  two i s o s p i n  components. There i s  ev idence  t h a t  
n u c l e a r  f o r c e s  a r e  i s o s p i n  dependen t ,  f o r  example,  the  symmetry te rm 
(N-Z)2/A in  t h e  Weizsaker s e m i - e m p i r i c a l  mass formula .  Lane (La 62) has  
shown t h a t  p ro to n  s i n g l e  p a r t i c l e  s t a t e s  a r e  s e p a ra t e d  i n  energy  by
1 7 .
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However th e  (IDR energy i s  not  g iven by t h e  s i n g l e  p a r t i c l e  e n e r g i e s  a lo n e ,  
but has a h ig h e r  energy due to  t h e  r e s i d u a l  i n t e r a c t i o n  between t h e  p a r t ­
i c l e  and h o le ,  d i s c u s s e d  e a r l i e r  i n  s e c t i o n  1 . 4 .2 .  The e f f e c t  o f  the
r e s i d u a l  i n t e r a c t i o n  w i l l  be d i f f e r e n t  fo r  T and T s t a t e s  s in c e
< >
t h e r e  a re  a g r e a t e r  number o f  p a r t i c l e - h o l e  s t a t e s  which can c o n t r i b u t e
to  t h e  T< GDR. This  can be seen from f i g u r e  1 .5 .
x
X X
O
(a) (b) (c) (d)
F igu re  1 .5 .  Var ious  ty p e s  o f  p a r t i c l e - h o l e  s t a t e s  t h a t  can c o n t r i b u t e  
to  th e  GDR.
The l p - l h  s t a t e s  shown in  (a) and (b) have pure  i s o s p i n  T = T^ 
whereas the  s t a t e s  i l l u s t r a t e d  by (c) and (d) have mixed i s o s p i n  T = TQ 
and Tq + 1. With i n c r e a s i n g  n eu t ro n  excess  th e  number o f  l p - l h  s t a t e s  
w i th  c o n f i g u r a t i o n s  of  type  (c) and (d) d e c r e a s e s .  Th is  i s  dem onst ra ted  
most c l e a r l y  by th e  extreme example o f  208Pb where on th e  s imple s h e l l  
model t h e  c lo sed  s h e l l  o f  n e u t ro n s  com ple te ly  b locks  l p - l h  s t a t e s  of  type 
(c) and (d) as  t h e s e  would r e q u i r e  t r a n s i t i o n s  a c r o s s  two major  s h e l l s .
In o t h e r  n u c l e i  th e  n eu t ro n  excess  reduces  t h e  number o f  l p - l h  s t a t e s  
which can c o n t r i b u t e  to  t h e  T> GDR. The T GDR i s  t h e r e f o r e  l e s s  p e r tu rb e d  
by the  p a r t i c l e - h o l e  i n t e r a c t i o n  tha n  i s  t h e  T^ GDR, red u c in g  t h e  s p l i t t i n g  
o f  t h e  two components. Akyiiz and F a l l i e r o s  (Ak 71) have e s t im a te d  t h e  
s p l i t t i n g  u s ing  a schematic model and o b ta ined  t h e  r e s u l t ,
AE = 60 (T+l)/A. 1.23
A more com pl ica ted  e x p re s s io n  has  been d e r iv e d  by Leonardi  (Le 72)
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but the predicted splitting is not substantially different for the 
nuclei considered in this thesis. The relative intensity of the two 
isospin components of the GDR are affected by two factors, both of 
which operate to reduce the relative intensity of the component. 
The first factor, referred to already, is due to the fewer number 
of p-h states which contribute to the T GDR. The second factor is a 
geometrical factor resulting from the difference in the isospin 
Clebsch-Gordan coefficients, whose ratio is given by
(TT 1 0 TT)2 T/T+l
(TT 1 0 T+1T)2 1/T+l
Goulard and Fallieros (Go 67) have shown, using an harmonic 
oscillator potential well, that the relative intensity of the T^ and 
T^ components is given by
I
>
I
a.
1
T
r 2/, -i1-1.5T A x3 _____ 0
l + 1.5A2/3
1.24
where the ^  is the geometrical factor and the term in brackets is the 
correction due to fewer numbers of p-h states contributing to the T^ GDR. 
More exact sum rule calculations predict similar results (Ha 72).
In table 1.1, the splitting and relative intensities of the T^ 
and T GDRs, predicted by equations 1.23 and 1.24 are compared for a 
range of nuclei throughout the periodic table. It should be noted that 
the strength of the T^ GDR decreases rapidly with T and therefore becomes 
difficult to observe in nuclei with A > 100. Table 1.1 shows that the 
most suitable nuclei for observing isospin splitting of the GDR are those 
with T = 1 or 2 since the two components are separated by about 3 MeV 
and the T^ component has 25-45% of the total strength. However, even in
I
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TABLE 1.1
Estimates of the energy separation of the T< and T> GDRs 
and their relative intensities as a function of Tq
42Ca 52Cr 60Ni 72Ge 116Sn 208Pb
T 0 1 2 2 4
8 22
I (T>) 
I(TJ 0.78 0.35
0.37 0.3 0.058 0.003
AE+ 2.86 3.17 3.0 4.17 4.65 6.63
AE++ 1.9 3.46 3.25 3.96 4.03 12.5
+ Goulard and Fal 
++ Leonardi
lieros
these nuclei it has been difficult to establish conclusively that isospin 
splitting of the GDR does occur. In principle, the T< and GDR can be 
identified from the different modes of decay. Figure 1.6 shows the 
isospin allowed channels open to the T> and T< GDR.
The T^ GDR can decay by alpha particles, neutrons and protons to
energetically allowed final states. In contrast the T GDR decays almost
entirely by proton emission. If the analogue TQ + 1/2 states in the 
A-1 Z nucleus lie below the GDR, then the T> GDR can decay by neutrons to 
these states. However, the cross section should be small compared to proton 
emission, as many more proton channels are open. The analogue states 
may themselves be unstable to proton emission as shown in the diagram 
and if this is the case, the (y,np) cross section should show a peak at 
the energy of the T^ GDR. Attempts to identify the T> GDR by this method 
have not been particularly successful. For example, Yamaguchi (Ya 72) 
identified a peak at 25 MeV excitation in the 64Zn(y,np) reaction as the
Figure 1.6. Schematic diagram showing the isospin allowed modes of decay of
the T and T GDR.< >
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CUR but  (y ,p )  measurements (Cl 73, Pa 71) d id  not  show a peak a t  t h i s  
energy ,  c o n t r a d i c t i n g  h i s  c o n c lu s io n .  The most obvious  method of  
i d e n t i f y i n g  th e  and GDR i s  to  compare th e  (y ,n )  and (y ,p )  c ro s s  
s e c t i o n s .  The (y ,n )  e x c i t a t i o n  f u n c t i o n  should  show a peak a t  t h e  T^
GDR energy  whereas t h e  (y,p)  e x c i t a t i o n  f u n c t i o n  should show peaks a t  
bo th  t h e  T> and T GDR e n e r g i e s .  U n f o r tu n a t e ly  t h e  (y ,n )  and (y ,p )  
c r o s s  s e c t i o n s  a r e  not  always r e l i a b l e .  Spur ious  peaks can be i n t r o ­
duced in t o  th e  e x c i t a t i o n  f u n c t i o n s  by the  method o f  o b t a in in g  d i f f e r e n ­
t i a l  c ro s s  s e c t i o n s  from i n t e g r a l  measurements (Br 72) .  Also 
a small  amount o f  i s o s p i n  mixing can produce  l a rg e  changes i n  t h e  (y ,n )  
and (y,p)  c ro s s  s e c t i o n s  and p o s s i b l y  lead  t o  a peak in  th e  (y ,n)  
e x c i t a t i o n  f u n c t i o n  a t  t h e  T> GDR energy .  In s p i t e  o f  t h e s e  d i f f i c u l t i e s ,  
t h e  (y ,n )  and (y ,p )  d a t a  have p rov ided  evidence  i n  some c a s e s ;  f o r  
example 64Zn (Cl 73).
F u r th e r  ev idence  i n  suppor t  o f  i s o s p i n  s p l i t t i n g  o f  t h e  GDR has 
come from measurements u s ing  t h e  i n v e r s e  ( p ,y Q) r e a c t i o n .  E x c i t a t i o n  
f u n c t i o n s  measured f o r  p ro to n  c a p t u r e  t o  the  GDR o f  42Ca (Di 73) ,
49Sc (Pa 71) ,  60Ni (Di 71) and 64Zn (Pa 71) showed two broad peaks 
s e p a r a t e d  by a pp rox im a te ly  t h e  energy given  by e q u a t io n  1 .23.  These 
peaks were i n t e r p r e t e d  as be ing  due t o  t h e  T and T^ GDRs. However fo r  
42Ca and 49Sc, t h e r e  was no o th e r  expe r im en ta l  ev idence  t o  suppor t  t h e s e  
i s o s p i n  as s ignm en ts .  In t h e  c a s e  of  60Ni and 64Zn t h e  (y ,n )  d a ta  d id  not  
conf i rm  t h i s  i n t e r p r e t a t i o n  s in c e  i t  d i s p l a y e d  a l a rg e  c r o s s  s e c t i o n  a t  
t h e  T^ GDR peak.  The (p ,y  ) d a t a  do no t  t h e r e f o r e  e s t a b l i s h  c o n c l u s i v e l y  
t h a t  t h e  GDR i s  i s o s p i n  s p l i t ,  s i n c e  i t  must be dem ons t ra ted  t h a t  r e a c t i o n s  
which e x c i t e  only  t h e  T GDR, do no t  have a peak a t  t h e  GDR energy.
Since  th e  (a ,y  ) r e a c t i o n  p roceeds  e x c l u s i v e l y  th rough  t h e  T GDR, i t
0 <
appea rs  t o  be a s u i t a b l e  r e a c t i o n  t o  c l a r i f y  th e  s i t u a t i o n .
Measurements were t h e r e f o r e  performed t o  i n v e s t i g a t e  th e  GDR of 
42Ca, 44Ca, 52Cr and 60Ni.  In t h e  fo l low ing  c h a p t e r ,  t h e  exper im en ta l  
equipment and te c h n iq u e s  a r e  d e s c r ib e d .
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CHAPTER 2
EQUIPMENT AND EXPERIMENTAL TECHNIQUE
Excitation functions were measured for 58Fe(a,y)80Ni,
48Ti (a,y)52Cr, 40Ar (a,y)44Ca and 38Ar(a,y)42Ca reactions over the bom­
barding energy ranges 8-17.6 MeV, 6-12 MeV, 5.5-11.4 MeV and 6-16 MeV 
respectively. The 4He++ beam was obtained from the A.N.U. EN tandem 
accelerator and typical target currents were 0.5-1.0 yA. The excitation 
functions were generally measured in 50 keV beam energy steps, although 
certain regions of interest were investigated in finer detail using 
25 keV steps. At high excitation energies where the cross section 
became very small, thicker targets were used and the excitation function 
measured at either 100 keV or 200 keV intervals.
The gamma-rays were detected at 90° to the beam direction by the 
A.N.U. 10" x 10" Nal (Tl) spectrometer (B1 71). The energy resolution of 
the spectrometer was approximately 6.5% FWHM for 15 MeV gamma-rays. This
allowed the transition to the ground state (y ) to be reasonably well0
resolved from the transition to the first excited state (y ), whereas y1 1
was generally not resolved from lower energy gamma-rays. The yields in 
the photopeaks for y^ and when possible y were obtained using a linear 
least squares fitting procedure, described in section 2.9. The spectro­
meter, collimators and associated electronics are described in sections 
2.6 - 2.7. The preparation of the targets and the methods by which the 
target thicknesses were determined are described in sections 2.3 - 2.5. 
Angular distributions were measured at 20 bombarding energies for the 
38Ar(a,y)42Ca reaction and at 10 bombarding energies for each of the 
other reactions. In addition 10 angular distributions were measured for 
the 28Si(a,y)32S reaction over the bombarding energy range 6-11.5 MeV.
In a typical run 2000 yC of 4He++ were collected.
23.
Prel iminary measurements of the 56Fc(a,y) r>0Ni and 40Ar (m,y) 44C;i 
reactions showed that the 90° differential cross sections were approximately 
1 yb. This small cross section resulted in a low count rate which could 
only be increased to a satisfactory level by using large beam intensities, 
since the maximum target thickness and the maximum solid angle subtended 
by the Nal(Tl) crystal were limited by resolution considerations described 
below.
The low-lying levels of the residual nuclei studied are shown in 
figure 2.1 where it can be seen that the first excited state lies 
1.156-1.524 MeV above the ground state; the second excited state is 
0.312-0.936 MeV higher in energy. The resolution of the Nal(Tl) spectro­
meter varies between 6.5 and 10%, depending upon the collimation geometry. 
For 20 MeV gamma-rays, and 6.5% resolution, peaks separated by greater 
than 1.3 MeV can be resolved. This is approximately the energy separation
between y and y . The gamma-ray transitions to the ground state and first 
0 1
excited state could therefore only be resolved by using collimator 4 
(described later) which gives the best resolution but has the disadvantage 
of small solid angle. In addition the target thickness had to be limited 
to < 200 keV so as not to contribute significantly to the energy resolution 
of the spectrometer. Consequently, the only method available for obtaining 
a satisfactory count rate was to use large 4He++ beam intensities. Un­
fortunately, at the higher energies, pile-up of low energy gamma-rays into 
the region of interest limited the maximum beam current that could be 
utilized.
2.1 THE ALPHA PARTICLE BEAM
At the time of starting this series of experiments the 4He+ + target 
currents that could be obtained from the A.N.U. EN tandem accelerator were 
typically 100-200 nA. With such small beam intensities, the measurement of 
a single excitation function would have taken a year. Obviously, the above
275 4+ 266 2+ 2 648 0+
4+2 423 2-5072+
228 4+ 2 3 6 9 4+ 2-286 0+
188
2-158 2+
1 836 0+ 0+
1524 2+
1156 2+
1-433 2+
1-332 2+
Figure 2.1. Low-lying levels of the residual nuclei following the 
(a,y) reaction on 38Ar, ^°Ar, 48Ti and 80Ni (Le 67).
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measurements could  n o t  have been com pleted w ith in  a r e a s o n a b le  p e r io d  of 
t im e ,  and i t  was t h e r e f o r e  e s s e n t i a l  to  in c re a s e  th e  q u a n t i t y  o f  beam on 
t a r g e t .  T h is  was ach ieved  m ain ly  by in c re a s in g  th e  ou tpu t o f  th e  duo- 
p la sm atro n  HVEC n e g a t iv e  ion  so u rce .  However, th e  t r a n s m is s io n  through 
th e  tandem a c c e l e r a t o r  was improved by th e  u se  o f  an E in ze l  len s  in  
c o n ju n c t io n  w ith  th e  m agnetic  quadrupo le  t r i p l e t  to  improve th e  fo c u s s in g  
a t  th e  low energy  end o f  th e  machine. The fo l lo w in g  fo u r  f a c t o r s  con­
t r i b u t e d  to  improved o u tp u t  o f  th e  io n  so u rce :
( i )  C le a n l in e s s  - th e  ion  sou rce  magnet assem bly, f i l a m e n t  
and a p e r tu r e  were c lean ed  in  a g la s s  bead sho t b l a s t e r  
b e fo re  each ru n .
( i i )  A p e r tu re  s i z e  - th e  s i z e  o f  th e  ion  sou rce  a p e r t u r e  was 
op tim ized  by t r i a l  and e r r o r .  I t  was found t h a t  an 
a p e r t u r e  w ith  a d iam ete r  ap p ro x im ate ly  0 .032" gave not 
on ly  a l a rg e  o u tp u t  b u t  a l s o  a good e m it ta n c e  which 
r e s u l t e d  in  ap p ro x im ate ly  25% t r a n s m is s io n  th rough  th e  
machine.
( i i i )  The l i th iu m  exchange - a f r e s h  supp ly  o f  c le a n e r  l i th iu m  
was pu rch ased .
( iv )  Tantalum i n s e r t s  were used to  c o l l im a te  th e  beam in t o  and 
out o f  th e  l i th iu m  exchange c a n a l  red u c in g  th e  s p l u t t e r i n g  
o f  m eta l on to  th e  s p h e r i c a l  i n s u l a t o r s .
These changes improved th e  ou tpu t a t  t h e  low energy  Faraday  cup from 
< 1 yA t o  3-4 yA and t y p i c a l  c u r r e n t s  on t a r g e t  were 0 .5 -1  yA w ith  a 
maximum o f  1.5 yA.
The energy o f  th e  beam was s e le c te d  by a s in g l e  fo c u ss in g  90° 
a n a ly z in g  magnet. In  o rd e r  to  minimize d i f f e r e n t i a l  h y s t e r e s i s  e f f e c t s ,  
a t  th e  s t a r t  o f  each run  th e  magnet was cyc led  t h r e e  t im es  between 0 '15  amps 
w ith  1/2 m inute pauses  between each h a l f  c y c le .  I f  i t  was n e c e s s a ry  to
25.
substantially reduce the beam energy, the magnet was recycled in a similar 
manner. By this method it was possible to reproduce the energy to 
± 5 keV. Object slits before the magnet were usually set to ± 0.150" 
and image slits after the magnet to ± 0.075". Beyond the image slits, the 
beam was deflected a further 25° by the switching magnet and focussed on 
to the target by a magnetic quadrupole doublet lens. The size of the beam 
spot was not critical because of the very large size of the Nal(Tl) detector. 
As a result, a single collimator, 0.200" in diameter was used 20 cms from 
the target. Its main purpose was to prevent beam striking the target 
frame. The integrated beam was digitized using an Ortec 439 charge 
digitizer and the pulses counted on a preset-stop scalar which controlled 
the data collection on either the IBM 1800 computer or the Nuclear Data 
ND1024 multichannel analyzer.
2.2 TARGET CHAMBERS 
2.2.1 The D-chamber
This chamber was used in conjunction with transmission targets. 
The cylindrical wall faced the spectrometer and produced a 6% attenuation 
of 20 MeV gamma-rays. It had a 1” diameter entrance port and a similar 
exit port connected to a Faraday cup made up from 5 ft. of 4" beam 
pipe. The perspex lid supported the target ladder assembly and an 
externally positionable solid-state particle counter. During the 
56Fe(a,y)50Ni excitation function measurements, a 200 micron silicon 
detector was mounted at 30° to the beam direction to monitor the rate of 
carbon build up on the target. It was also used to determine the target 
thickness by measuring the Rutherford scattering cross section at 4 MeV 
alpha energy.
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2.2.2 The Perspex Chamber
The chamber can be seen in the photograph, figure 2.2. It was 
designed for angular distribution measurements when it is important to 
be able to place the spectrometer at 0°, and was also used with both solid 
backed targets and the gas cell. An aluminium suppressor ring at -200 V 
was placed in the entrance neck to prevent electrons from the collimator 
reaching the target and electrons from the target escaping. The reliability 
of the current reading as monitored on the target was checked by sub­
stituting a similar chamber which had an exit port connected to a Faraday 
cup. The beam was stopped first on the target, then in the Faraday cup 
and found to be consistent to ± 5%.
2.3 TARGETS
The small cross sections measured in this work made it important 
to maximize the ratio of gamma-ray yield from the reaction of interest to 
background contributions. Therefore, self-supporting targets, prepared 
from the enriched isotope, were preferable to targets backed with films of 
carbon or other material. Targets that stopped the beam were also needed 
to enable zero degree observations for angular distribution measurements.
It was found that the background produced by stopping the beam on clean 
gold was not excessive and this type of gold-backed target was used 
extensively.
The isotopic composition of the targets is shown in table
2.1. It was also important to use the enriched isotope because the 
capture cross sections for different isotopes of the same element could 
differ by a factor of 50 at a particular excitation energy. For instance 
it was known that the average cross section for the 36Ar(a,y)40Ca reaction 
was a factor of 10 less than the average cross section for the 
38Ar(a,y)42Ca reaction (Na 67).
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TABLE 2.1
Isotopic Composition of Target Materials
—
Nucleus Isotopic composition of targets %
28SiO 38Si 99.4 29Si 0.37 30Si 0.02
38Ar 3GAr 1.7 38Ar 95.2 40Ar 3.1
| 40 Ar 36Ar 0.33 38Ar 0.06 40Ar 99.5
! 48Ti | 46,47Ti 0.25 48Ti 99.1 49>50Ti 0.18
| 56Fe 54Fe 0.03. 56Fe 99.9 57Fe 0.03
59Co Natural
1__________________
2.4 TARGET PREPARATION 
2.4.1 56Fe and 59Co Targets
Self-supporting targets were made using a R.F. heater to evaporate 
isotopically enriched 56Fe on to a heated substrate (temperature ^ 400°C) 
under vacuum. The substrate, a 0.005" copper foil was prepared by degreasing 
in trichloroethylene and dipping into dilute nitric acid to remove the oxide 
layer. The 58Fe, in the form of the oxide 5GFe203, was reduced to the metal 
before evaporation by heating to a dull red heat in an atmosphere of hydrogen. 
The targets were removed from the copper by floating small pieces of foil 
on the surface of a solution of dilute trichloroacetic acid, neutralised 
with excess ammonia. After the copper had dissolved, the 5GFe foils were 
picked up on a glass slide, refloated on distilled water and finally picked 
up on target frames.
The 59Co targets were prepared from the pure metal in a similar 
manner to the 58Fe targets. As rather thick foils were required,
^ 1 mgm/cm^, and the 59Co did not evaporate easily, the 59Co was heated by
28.
;iii e-gun instead of the R.F. heater. Care had to be taken when removing 
the copper as the 89Co dissolved rapidly in the solution.
2.4.2 Gold-backed Targets
These targets had the advantage that they were easily prepared by 
a simple evaporation under vacuum using the R.F. heater. The only com­
plication arose from the fact that the material was in the form of the 
oxide which had to be reduced to the element. The 56Fe203 was reduced as 
before. The 48Ti02 and 28Si02 were reduced to 48Ti and 28SiO by the 
tantalum boat used in the evaporation. To improve the efficiency freshly 
prepared tantalum filings were mixed with the material.
2.4.3 The Gas Targets
The 40Ar and 38Ar gases were contained in a gas cell, shown in 
figure 2.3, which consisted of a stainless steel cylinder 1" long and 3/8" 
inside diameter with a wall thickness of 0.1". Flanges machined with 
0-ring grooves, were welded onto both ends. The beam could enter and 
leave the cell through 50 y in nickel foil windows, glued on to stainless 
steel frames with epoxy resin. The frames had a 3/8" chamfered hole 
through the centre to prevent the foils bulging over a sharp edge when 
under pressure. The vacuum seal was provided by an 0-ring squeezed between 
the Ni foil and cell flanges.
A narrow bore tube connected the cell to a gas handling system 
shown schematically in figure 2.4. With this system, the chamber and gas 
cell were evacuated simultaneously to avoid damage to the windows. The 
target gas was then let into the cell and its pressure measured to ± 1/4 mm 
by a Wallace and Tiernan differential manometer. The volume of the complete 
system was approximately 13 ccs which was satisfactory for the 40Ar 
measurements since natural Ar gas was used but too large for use with the
GAS INLET
O-RING SEAL
0-05" Ni,WIND0W
CHAMPERED EDGE
COOLING COILS
GOLD BEAM
STOP
Figure 2.3. Schematic diagram of the gas cell.
GAS
CELL
TO BEAMLINE U -TUBE BYPASS
Figure 2.4. Schematic diagram of the gas handling system used for 
the 38>40Ar(a,y)42>44Ca measurements.
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very expensive 38Ar. Since 38Ar enriched to 95% cost US$30,000 per litre 
atmosphere, the interests of economy dictated a reduction of the volume 
to an absolute minimum. This was achieved by isolating the gas from the 
rest of the gas handling system with the U-tube containing mercury shown 
in the schematic diagram, figure 2.4. In this way the volume taken up by 
the 38Ar was reduced to little more than the volume of the gas cell itself 
approximately 2 ccs.
For the same reason of cost, it was important to be able to recover 
the gas whenever it was necessary to empty the cell. The gas bottle to 
which the 38Ar was transferred was partly filled with 'Zeolite’ molecular 
sieve. When cooled to liquid nitrogen temperatures this substance absorbs 
all gases except helium. The molecular sieve was activated prior to 
transfer of the gas by heating for several hours to approximately 300°C 
while pumping the vial with a roughing pump. The main purpose of this 
procedure was to drive off absorbed gases which could contaminate the 38Ar.
It was found that at high bombarding energies, > 10 MeV, much of 
the background could be attributed to the Ni foil windows. Tests showed 
the count rate could be reduced by stopping the beam on a piece of 1/2 mm 
gold at the back of the gas cell instead of passing it through the exit 
window and dumping at a distance from the target. However the large beam 
currents dumped in the cell caused excessive heating which reduced the life 
of the Ni foil windows and made it necessary for the gas cell to be water 
cooled. The foils were very reliable and showed negligible leakage. Their 
life was usually limited by the rate of carbon build up rather than the 
appearance of leaks.
2.5 TARGET THICKNESS MEASUREMENTS 
2.5.1 Transmission Targets
The thicknesses of the 56Fe and 59Co targets and the Ni foil
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windows of the gas cell were determined by the following method. Alpha 
particles emitted by a The' source were detected in vacuum by a 50 micron 
Si detector which had a resolution of approximately 25 keV for 8.78 MeV 
alpha particles. The The' source emits a group with an energy of 8.78 MeV 
and a doublet with energies of 6.05 and 6.09 MeV. Spectra were recorded 
in a ND1024 multichannel analyzer with and without the targets or Ni foils 
placed between the Si detector and ThC* source. The spectra were transferred 
into an IBM 1800 computer and analyzed using the program Wally (Op 72), 
which determined the centroids of the alpha groups to ± 2 keV. The energy 
losses of the alpha particles passing through the targets were compared to 
tabulated stopping power data tables (No 70, Wi 66) which have a quoted 
reliability of ± 5% and are the main source of error in the measurement.
2.5.2 Gold-backed Targets
The thicknesses of the 28SiO, 48Ti and 58Fe gold-backed targets 
were determined from measurements of the energy loss of alpha particles 
passing through the target material. The A.N.U. EN tandem accelerator 
was used to provide a 10 MeV 4He++ beam which was first scattered from a 
clean piece of 1/2 mm gold placed at 45° to the beam direction. The 
scattered particles were detected at 90° to the beam direction by a 61 cm 
double focussing magnetic spectrometer using a position sensitive detector 
in the focal plane. Position x energy pulses were amplified with conven­
tional electronics, pulse height analyzed and the spectrum stored in the 
memory of an IBM 1800 computer. The edge of the elastically scattered 
particles was then moved to a different place on the position sensitive 
detector by varying the magnet current by 100 keV according to the NMR 
calibration. Typical spectra obtained are shown in figure 2.5. The 
channels corresponding to half height of the spectrum edge provided an 
energy or NMR versus position calibration across the counter.
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Figure 2.5. Position spectra of 10 MeV alpha particles scattered off
gold obtained from a position sensitive detector placed in 
the focal plane of a 61 cm double focussing magnetic 
spectrometer. The two outer spectra were obtained by varying 
the magnetic field by 100 keV in alpha particle energy. The 
centre spectrum was obtained for alpha particles elastically 
scattered off the gold after passing through the 28SiO target 
material. The magnetic field was adjusted to compensate for 
the energy loss through the target and to bring the spectrum 
between the calibration spectra.
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The p ie c e  o f  gold was th e n  r e p la c e d  by th e  go ld-backed  t a r g e t  
and th e  4He++ s c a t t e r e d  from th e  g o ld ,  bu t t h i s  tim e a f t e r  p a s s in g  tw ic e  
th rough  th e  t a r g e t  m a te r i a l  a t  an an g le  o f  45°. The sp e c tro m e te r  c u r r e n t  
was a d ju s te d  to  b r in g  th e  e l a s t i c  s c a t t e r i n g  edge from th e  gold  on to  th e  
p o s i t i o n  s e n s i t i v e  d e t e c t o r  between th e  c a l i b r a t i o n  s p e c t r a  as  seen in  
f i g u r e  2 .5 .  From th e  d i f f e r e n c e  in  NMR f re q u e n c ie s  and th e  i n t e r p o l a t i o n  
between th e  c a l i b r a t i o n  s p e c t r a ,  t h e  energy  lo s s  o f  th e  4He++ th rough  th e  
t a r g e t  was determ ined  t o  ± 5 keV. The r e p r o d u c i b i l i t y  o f  measurements 
showed t h a t  e r r o r s  due t o  d i f f e r e n t i a l  h y s t e r e s i s  in  th e  magnet were 
n e g l i g i b l e .  The t a r g e t  th i c k n e s s e s  were de te rm ined  t o  ± 7% by comparison 
w ith  s to p p in g  power d a ta  as  in  s e c t io n  2 .5 .1 .
2 . 6 THE A.N.U. 10" N a l(T l)  SPECTROMETER
The A.N.U. S pec trom ete r  was des igned  s p e c i f i c a l l y  f o r  th e  
d e t e c t i o n  o f  h igh  energy y - r a y s ,  em it ted  in  r e a c t i o n s  w ith  low c ro s s  
s e c t io n s  such as  th o s e  d e s c r ib e d  h e r e .  A lthough Ge(Li) d e t e c t o r s  have 
tended  to  r e p la c e  Nal s c i n t i l l a t o r s  f o r  many a p p l i c a t i o n s  because  o f  t h e i r  
v e ry  much s u p e r io r  energy  r e s o l u t i o n ,  th e y  a r e  s t i l l  im p ra c t i c a b le  f o r  
t h i s  ty p e  o f  measurement due to  t h e i r  low a b s o lu te  d e t e c t i o n  e f f i c i e n c y  
f o r  h igh  energy  y - r a y s .  The normal N a l(T l)  such as  a 5" x 4" i s  a l s o  
u n s u i t a b l e  because  o f  in a d e q u a te  energy  r e s o l u t i o n .  High energy  y - r a y s ,
E^ > 10 MeV, i n t e r a c t  w ith  m a t te r  m ain ly  by th e  p ro d u c t io n  o f  e+ - e p a i r s  
which lo s e  much o f  t h e i r  energy  by e m i t t in g  b r e m s s t r a h lu n g . In a small 
c r y s t a l  many o f  th e s e  secondary  gamma-rays may escape  r e s u l t i n g  in  poor 
energy  r e s o l u t i o n ,  whereas t h i s  i s  v e ry  much l e s s  l i k e l y  in  th e  la rg e  
9 .3 /8 "  x 10" c o l l im a te d  c r y s t a l  o f  th e  A.N.U. s p e c t ro m e te r .  Although 
th e  r e s o l u t i o n  o f  th e  u n c o l l im a te d  c r y s t a l  i s  a p p ro x im a te ly  10%, s u b s t a n t i a l  
improvement i s  made by c o l l im a t in g  th e  gamma-rays i n t o  th e  c e n t r e  of th e  
c r y s t a l  and th u s  red u c in g  th e  escape p r o b a b i l i t y  o f  th e  b re m ss tra h lu n g .
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A schematic diagram of the spectrometer is shown in figure 2.6.
The design was based on the spectrometer developed at Stanford (Su 68) 
and has been described in detail by Black et al. (B1 71). The Nal(Tl) 
crystal which was manufactured by the Harshaw Chemical Company is 9.3/8" 
diameter by 10" thick and was supplied optically coupled by a perspex 
light pipe to an Amperex 60 AVP photomultiplier. This is a 12 stage
Otube with a high gain (10 at 3000 volts) and a fast rise time (2.5 ns).
To ensure good gain stability at high count rates, the photomultiplier 
divider chain carries a large standing current of 12 mA and all dynodes 
are decoupled with 16 yF capacitors. In addition zener diodes are 
connected across the last 3 stages. Light emitting triodes (type DM106) 
mounted in cavities in the perspex light pipe, permitted the gain to be 
monitored when the yield was so low that definite peaks could not be 
observed.
The Nal crystal and photomultiplier tube are surrounded by a NE102 
plastic anticoincidence shield. This was manufactured in two parts; a 
main body 3" thick and a front cap 1.1/2" thick which covers the front 
face of the crystal. The main body is viewed by 6 XP1030 photomultiplier
tubes and the front cap by two others. The plastic scintillator is 
surrounded by 12" of lead.
The detection efficiency of the NE102 plastic scintillator is low 
but because a cosmic ray interacting in the lead shielding produces a 
shower of gamma-rays, the probability that one of these is detected in the 
shield is high. Thus cosmic y-ray events in the Nal can be rejected 
by the coincident pulse in the plastic shield. The escape of bremsStrahlung 
from the crystal corresponds to a pulse of less than the full energy of the 
incident y-ray. If the bremsstrahlung are detected in the shield these 
gamma-rays will be rejected from the low energy tail of the photopeak and 
the resolution thus improved. This is discussed further in section 2.7
BE
AM
Figure 2.6. Schematic diagram of the spectrometer showing the Nal(Tl)
crystal, plastic anticoincidence shield, collimator and lead 
shielding. Six XP1030 photo multiplier tubes are equally 
spaced about the main body of the plastic scintillator.
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when d e a l i n g  with  t h e  e l e c t r o n i c s .
The s p e c t ro m e te r  i s  mounted on a c a r r i a g e  which can r o t a t e  between 
0° and 150°. The c o l l i m a t o r - t o - t a r g e t  d i s t a n c e  can be v a r i e d  from 10-80 cms.
2 .6 .1  C o l l im a to r s
I t  was s t a t e d  t h a t  t h e  r e s o l u t i o n  of  t h e  Nal(Tl )  s c i n t i l l a t o r  could  
be improved by c o l l i m a t i n g  t h e  gamma-rays i n t o  t h e  c e n t r e  o f  t h e  c r y s t a l .  
However t h i s  reduce s  t h e  s o l i d  ang le  of  t h e  d e t e c t o r  and good r e s o l u t i o n  
i s  no t  always r e q u i r e d .  To p ro v id e  a degree  o f  f l e x i b i l i t y  t h e  c o l l i m a t o r  
shown in  f i g u r e  2.6  i n  f r o n t  o f  t h e  c r y s t a l  can be i n t e r c h a n g e d .  Four 
c o l l i m a t o r s  a r e  a v a i l a b l e  and a r e  shown in  f i g u r e  2 .7 .  C o l l im a to r  1 has 
t h e  s m a l l e s t  s o l i d  a n g le  (8.85° h a l f  ang le )  and was des igned  f o r  an g u la r  
d i s t r i b u t i o n  measurements when i t  i s  n e c e s s a r y  t o  d e f i n e  t h e  a n g l e  as 
a c c u r a t e l y  as  p o s s i b l e .  C o l l im a to r s  2, 3 and 4 a r e  fo r  t h e  measurement 
o f  e x c i t a t i o n  f u n c t i o n s  and r e p r e s e n t  v a r io u s  compromises between r e s o l u t i o n  
and s o l i d  a n g l e .  C o l l im a to r  4 was used f o r  t h e  measurements d e s c r i b e d  h e re .
The c a l c u l a t e d  e f f i c i e n c y  o f  t h e  s p e c t ro m e te r  (B1 71) u s in g  
c o l l i m a t o r  4 i s  0.77% a t  = 20 MeV. The c a l c u l a t i o n  assumed an i s o t r o p i c
p o in t  sou rce  on t h e  c r y s t a l  a x i s  a t  t h e  c o r r e c t  t a r g e t - t o - c r y s t a l  d i s t a n c e .  
The a b s o l u t e  e f f i c i e n c y  was found t o  have l i t t l e  dependence upon gamma-ray 
energy  f o r  th e  range  = 10-30 MeV.
Each c o l l i m a t o r  i s  f i l l e d  w i th  p a r a f f i n  wax t o  r ed u ce  t h e  neu t ron  
f l u x  from t h e  t a r g e t .  Th is  i s  n e c e s s a r y  s in c e  n e u t ro n s  c a p tu r e d  by 127I 
in  th e  c r y s t a l  produce  gamma-rays up t o  an energy  o f  a pp rox im a te ly  7 MeV, 
t h e  Q v a l u e  o f  t h e  c a p t u r e  r e a c t i o n .  Even w i th  t h e  p a r a f f i n  wax, a t  h igh 
bombarding e n e r g i e s  n eu t ro n  c a p t u r e  i n  t h e  Nal(Tl )  c o n t r i b u t e s  s u b s t a n t i a l l y  
to  t h e  gamma-ray count  r a t e .
The p a r a f f i n  wax has t h e  d i s a d v a n ta g e  t h a t  i t  produces a d d i t i o n a l  
gamma-ray a t t e n u a t i o n .  This  a t t e n u a t i o n  was c a l c u l a t e d  f o r  e n e r g i e s  in
I 00“
COLLIMATOR I.
2714*  8- 004"
COLLIMATOR 2.
too*
12* 3 2 '
2- 3 6 4  * 4  3 0 4 “
COLLIMATOR 3.
10*4 2 "
0 OO*0 0 ” 3 3 0 0 "
»• 4 -2 4 %
COLLIMATOR 4.
Figure  2 .7 .  Schematic diagram of  t h e  c o l l i m a t o r s  which a r e  a v a i l a b l e  fo r  
use in  f r o n t  of  th e  c r y s t a l  showing th e  t a r g e t  t o  c r y s t a l  
d i s t a n c e s  f o r  which th e y  were des ig n ed .  C o l l im a to r  1 was 
used f o r  a n g u la r  d i s t r i b u t i o n  measurements and c o l l i m a t o r  4
f o r  the  measurement of  e x c i t a t i o n  f u n c t i o n s .
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the range 10-25 MeV using the expression,
A -ax
where x is the thickness of absorber and a is the gamma-ray attenuation 
coefficient tabulated by Davisson (Da 65).
The calculation assumed that the paraffin wax had a composition 
(CH2)nH2 and a density of 1. The results of the calculations showed that 
the transmission factor N, the fraction of gamma-rays reaching the crystal, 
could be approximated by the expression
N = 0.68 + 0.191(EY
When the D-chamber was used a modified expression took account of the 
stainless steel chamber wall. Both a and x have estimated errors of ± 5% 
resulting in an error of ± 3% in the transmission factor.
2.7 ELECTRONICS
A block diagram of the electronics is shown in figure 2.8. The 
slow linear signal is taken from the 9th dynode, preamplified using a 
charge sensitive preamplifier, amplified and fed through a linear gate 
before pulse height analysis in a Nuclear Data ND1024 multichannel 
analyzer or the IBM 1800 computer. The 60 AVP photomultiplier was run 
with the anode at ground and the photocathode at -2200 volts. This is 
considerably less than the recommended maximum of 3000 volts in order to 
ensure that the anode does not saturate. If anode saturation were allowed 
to occur, a piled-up pulse arriving during the saturation period would not 
be seen by the anode circuit and thus allowed into the spectrum.
The purpose of the fast electronics is threefold: (i) to reject
piled-up pulses; (ii) to improve the resolution of the detector;
(iii) to reject cosmic rays from the spectra.
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2.7.1 Pile-up Rejection
The fast linear signal from the anode of the Nal (Tl) is shaped by 
clipping to 100 ns at the input of the higher level tunnel diode discriminator 
(HLD). If two slow linear pulses are piled up, but separated by at least 
100 ns, they will be resolved in time at the anode as two separate pulses.
If both fall below the level of the HLD, the discriminator will not fire and 
the pulse will be rejected from the spectrum. It is therefore important to 
set the HLD to an energy just below the energy of the y-rays of interest.
This is because the spectrum of anode pulses increases exponentially towards 
zero pulse height. Therefore the higher the HLD is set the less likely it is 
that two pulses will pile up within the 100 ns clipping time and be recorded 
as a valid event.
2.7,2. Detector Resolution
An impedance matching network sums the pulses from the anodes of 
the eight XP1030 photomultipliers coupled to the plastic scintillator.
The summed pulse is preamplified, amplified and passed through a linear 
gate to the input of the lower level tunnel diode discriminator. The 
purpose of the linear gate, which is held open for 200 ns by the HLD, is 
to reduce the count rate of pulses that reach the lower level discriminator 
(LLD) from the plastic scintillator. This count rate may be as high as
710 pulses/sec and would produce a large dead time in the LLD resulting in 
poor rejection efficiency. In this way, the plastic is only sampled if 
there is a pulse above the HLD in the Nal scintillator. The logic pulse 
from the LLD is used to block the HLD pulse which results in the rejection 
of the slow Nal(Tl) pulse.
The LLD is normally set to approximately 500 keV y-ray energy, 
although it is difficult to do this precisely. If it is set too low the 
LLD can fire on noise and reject genuine pulses in the Nal(Tl). The usual
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procedure adopted was to observe the resolution and the number of counts 
rejected as a function of the LLD setting. A compromise was chosen between 
the need to reject as few counts as possible and resolution.
2.7.3 Cosmic Ray Rejection
Cosmic rays interact in the lead surrounding the plastic scintillator 
to produce a gamma-ray shower which is detected by the plastic shield. The 
coincident pulse in the plastic is then used to reject the cosmic ray event 
as described in section 2.7.2. However some cosmic rays do not pass through 
the crystal but stop and decay inside the crystal. A typical reaction is
+ + — y -> e + v + v
for which the muon has a half life of ^ 2 ys. The pulse produced by the 
positron stopping in the crystal occurs much later than the pulses associated 
with the muon slowing down in the plastic and would not be rejected. To 
ensure that this type of event is removed from the spectrum, the HLD logic 
pulse is blocked for 20 ys each time the LLD is triggered. This is 10 half 
lives for the muon so that most can be rejected by this method. The overall 
cosmic ray rejection efficiency was approximately 200 to 1.
2,8 PEAK-TO-TOTAL MEASUREMENT
The peak-to-total ratio is the number of gamma-rays in the photopeak 
of the accepted spectrum divided by the number of gamma-rays which produce 
a pulse in the Nal crystal. It is important to determine this ratio as 
accurately as possible as it is the major source of error in the calculation 
of the absolute cross section. As the resolution of the detector and the 
number of pulses rejected by the anticoincidence shield depends upon the 
particular collimation geometry used, the peak-to-total ratio must be 
measured for each collimator individually. Ideally this measurement should
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be performed over a range of energies using a monochromatic source of gamma- 
rays. The whole gamma lineshape can then be measured enabling the peak-to- 
total ratio to be determined accurately. Unfortunately high energy gamma- 
rays have to be produced by reactions which also produce other lower energy 
gamma-rays. These mask the low energy tail and only a fraction of the total 
lineshape can be measured. The best that can be done is to choose reactions 
which allow a reasonable fraction of the total lineshape to be observed.
Also the reactions selected must have a large enough cross section for the 
gamma-ray to be readily observed above the cosmic ray background. With 
these considerations in mind the following reactions were chosen:
(i)
(ii)
(iii)
12C(a,y )160 at E = 7.88 MeV. The alpha particle energy0 a
corresponds to a very strong resonance at 13.2 MeV
excitation in 160. The first excited state of 180 lies
at 6.05 MeV so that approximately 5 MeV of the low energy
tail of y can be observed.
0
27Al(p,y )28Si at E =4.58 MeV. At this proton energy,
1 P
states are excited in 28Si which decay preferentially 
to the first excited state giving a 15.23 MeV gamma-ray.
1:iB(p,Y )12C at E = 4.75 MeV. This again corresponds 
0 P
to a strong resonance which decays both to the ground state
and first excited state giving gamma-rays of 20.31 MeV and
15.89 MeV respectively. Approximately 20% of the y lineshape0
can therefore be observed.
To determine the peak-to-total ratio as a function of energy it 
was necessary to collect the accepted and rejected spectra for each of the 
above reactions at the given energies. Measurements were made using beams 
from the A.N.U. EN tandem accelerator and the gamma-rays detected at 90° to 
the beam direction. Using electronics similar to that in figure 2.8 the 
accepted and rejected spectra were routed to different parts of the memory
38.
of an IBM 1800 computer. The spectra obtained as a result of these measure­
ments are shown in figure 2.9. It can be seen that the resolution of the 
spectrometer is approximately 6.5%.
The photopeak area was obtained by summing over the energy range 
0.87 x E^ to 1.05 x Ey. The total number of gamma-rays interacting in 
the crystal was determined by subtracting a flat cosmic ray background 
from the rejected spectrum and adding the result to the accepted spectrum. 
These spectra are shown in figure 2.10. The continuous line drawn through 
the peak and extrapolated to lower energies is an attempt to estimate the 
behaviour of the low-energy tail.
Bramblett et al. (Br 73) measured the lineshapes for a 20 cm x 20 cm 
Nal(Tl) crystal at 6 incident photon energies in the range 11-31 MeV. The 
crystal was placed 373 cms from the source of monochromatic gamma-rays 
produced by positron annihilation in flight. This allowed the response 
function to be measured to 0.3 x E . The results show a smaller tail for 
a 12.5 MeV gamma-ray than was assumed here for the 13.2 MeV gamma-ray 
produced by the 12C (a,y )160 reaction, whereas for a 20 MeV gamma-ray, the 
agreement in the response functions is closer. Leutz et al. (Le 66) 
measured the peak-to-total ratios for a 20 cm x 20 cm Nal(Tl) scintillator 
using gamma-rays from radio-active sources with energies up to 2.62 MeV.
The results show that the peak-to-total ratio depends heavily upon the colli- 
mation geometry. Also they showed that the Monte Carlo calculation of 
Miller et al. (Mi 57) overestimated the peak-to-total ratio by up to 30%.
The peak-to-total ratio obtained for a source of 2.62 MeV gamma-rays,
20 cms from a 20 x 20 Nal crystal was 0.5 and decreasing slowly with energy. 
For a collimated beam the ratio was smaller. Extrapolating the results to 
higher energy would give a similar value of the peak-to-total ratio used 
here. However,in view of the results of Bramblett et al. (Br 73) there 
remains the possibility that the peak-to-total ratio has been underestimated 
for the lower gamma-ray energies although the response functions cannot be
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Sum of  t h e  acc ep ted  s p e c t r a  and r e j e c t e d  s p e c t r a  minus t h e  
cosmic r a y  background,  measured u s in g  c o l l i m a t o r  4. The 
con t inuous  l i n e  r e p r e s e n t s  t h e  assumed l i n e s h a p e  e x t r a p o l a t e d  
to  lower e n e r g i e s .
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d i r e c t l y  compared because  o f  th e  d i f f e r e n t  c o l l im a t io n  g eo m e tr ie s  and 
th e  d i f f e r e n t  s i z e  o f  th e  c r y s t a l .
The v a r i a t i o n  o f  th e  p e a k - t o - t o t a l  r a t i o  w ith  energy  i s  shown 
in  f i g u r e  2.11 and can be seen  to  be app ro x im ate ly  c o n s ta n t  w ith  energy . 
C onsequen tly  a v a lu e  o f  0 .28  was used  a t  a l l  e n e r g ie s .  The e r r o r  b a rs  
a r e  due a lm ost e n t i r e l y  to  th e  u n c e r t a in t y  in  th e  c o n t r i b u t i o n  from th e  
low energy  t a i l ,  th e  s t a t i s t i c a l  e r r o r  be ing  v e ry  sm all in  com parison.
2 .9  LINESHAPING FITTING OF SPECTRA
F ig u re  2.12 shows t y p i c a l  gamma-ray s p e c t r a  o b ta in e d  from th e
( a , y) r e a c t i o n s  s tu d ie d  h e r e .  The gamma-ray energy  r e s o l u t i o n  i s
ap p ro x im ate ly  6.5% which a l low s  y to  be r e s o lv e d  from y , whereas y
0 1 1
i t s e l f  i s  u s u a l l y  p o o r ly  re s o lv e d ,  i f  a t  a l l ,  from o th e r  gamma-rays. N ever­
t h e l e s s  y i s  no t s u f f i c i e n t l y  w e ll  s e p a ra te d  from y fo r  th e  y ie ld  t o  
0 1
be de term ined  by a s im ple  summing p ro ced u re .  T h e re fo re  th e  s p e c t r a  were
ana lyzed  by computer w ith  a s ta n d a rd  measured l in e s h a p e  u s in g  a l i n e a r
l e a s t  square  f i t t i n g  p ro c e d u re .  A s in g le  l in e s h a p e  can be used as th e
r e s u l t s  shown in  f ig u r e  2 .10 show t h a t  th e  l in e s h a p e  changes v e ry  l i t t l e
w ith  gamma-ray energy . The l in e s h a p e  chosen was t h a t  shown in  f i g u r e  2.9
f o r  th e  acc e p te d  spectrum  o b ta in e d  u s in g  th e  12C (a ,y  ) 160 r e a c t i o n .  For
0
gamma e n e rg ie s  o th e r  th a n  13.2 MeV th e  program expanded or  c o n t ra c te d  
th e  g a in  and moved th e  l in e s h a p e  to  th e  p o s i t i o n  in  th e  spectrum  o f  each 
gamma-ray to  be f i t t e d .  F ig u re  2.12 shows t h a t  i t  was n o t  always p o s s ib le
to  see  e x a c t ly  which channe l co rresponded  to  th e  peak o f  y . The program
0
t h e r e f o r e  c a r r i e d  out a s e a rc h  as fo l lo w s .  A peak channe l f o r  y which
0
was d e f i n i t e l y  lower th a n  th e  a c t u a l  peak channel was su p p lie d  to  th e
program. Using th e  known e n e rg ie s  of th e  e x c i te d  s t a t e s  o f  th e  r e s i d u a l
n u c l e i  and energy  c a l i b r a t i o n  o f  th e  s p e c t r a ,  th e  p o s i t i o n  o f  y and
Y were f ix e d  w ith  r e s p e c t  to  y . The program c a r r i e d  out a l i n e a r  l e a s t  
2 0
sq u ares  f i t  o f  th e  i n t e n s i t i e s  and c a l c u l a t e d  th e  v a lu e  o f  c h i - s q u a re .
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The fitted and calculated spectra were also displayed on a storage screen 
for visual inspection. The peak channel for yQ was then incremented by 
one channel and a new fitted spectrum calculated. The best fit was usually 
determined by choosing the fitted spectrum which gave the minimum value for 
chi-square consistent with a reasonable position for yQ . Sometimes it was 
necessary to choose the best fit by visual inspection if the value of chi- 
square was not sensitive to the positions of the gamma-ray peaks. This 
problem usually arose when the intensity for yQ was very small as was the 
case at 0° in angular distribution measurements.
The poor statistics obtained for some spectra also created 
difficulties in making a proper estimate of the value of chi-square. Chi- 
square is defined as
x2 = I (Fit (I) - Data (I))2/ ^  (1) .
I
The summation is taken over the channels I of the spectrum to be fitted.
The a"2 (I) are normally taken to be /N(I) where N is the number of counts 
in channel I, but this is not a good estimate when N is small. For example 
if N = 0 chi-square would be undefined. The difficulty arises because N is 
a single sample of a parent distribution. If the measurement were repeated 
the number of counts in a particular channel would vary with a Poisson 
distribution from which the standard deviation of the parent distribution 
could be estimated. The approximation of using the value obtained from a 
single measurement is satisfactory if the number of counts is large but 
leads to difficulties with poor statistics. The solution adopted was to 
estimate x2 by two methods. Firstly the a(I) was taken to be Vn *" where N1 
is the number of counts in the fitted spectrum for channel I. Secondly the 
value of was used for a (I) unless N = 0 when N was taken to be 1.
Both methods gave roughly the same normalised value for chi-square when the 
statistics were good, but the second method was more reliable with poor
statistics.
4 1 .
The e r r o r s  in th e  f i t t e d  i n t e n s i t i e s  were de te rmined  from th e  
d ia g o n a l  e lements  of  th e  i n v e r s e  of  th e  normal m a t r ix ,  as  d e s c r ib e d  by 
Ferguson (Fe 65) .  The o f f  d ia g o n a l  elements,  gave th e  c o r r e l a t i o n  between 
t h e  f i t t e d  p a r a m e te r s .
2.10  DETERMINATION OF ABSOLUTE CROSS SECTIONS
The a b s o l u t e  d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  g iven  by
do
dft 0.53-4tt .
Y.M.
e.N.P .T .Q.
nb
where Y i s  t h e  y i e l d  i n  th e  photopeak  de te rmined  by l i n e a r  l e a s t  squares  
f i t t i n g  as d e s c r ib e d  in  s e c t i o n  2 .9 .  The e r r o r  i n  Y depended 
p a r t l y  on t h e  goodness o f  t h e  f i t  and p a r t l y  upon th e  s t a t i s t i c s ,  
v a ry in g  between 4-25%.
e i s  th e  c a l c u l a t e d  t o t a l  e f f i c i e n c y  f o r  th e  c o l l i m a t i o n  geometry 
t h a t  was used .  S ince  t h e  c r y s t a l  i s  almost  t o t a l l y  abso rb ing  
t h e  e r r o r  in  e i s  due almost  e n t i r e l y  t o  th e  e r r o r  in  t h e  s o l i d  
an g le .  The c r y s t a l - t o - t a r g e t  d i s t a n c e  can be s e t  t o  ± 0 .5  cm 
which r e s u l t s  i n  an e r r o r  o f  ± 6% i n  t h e  c a l c u l a t e d  e f f i c i e n c y .
N i s  t h e  t r a n s m i s s i o n  f a c t o r  d i s c u s s e d  in  s e c t i o n  2 . 6 . 1 .  and has 
an e s t i m a t e d  e r r o r  o f  ± 3%.
P i s  t h e  p e a k - t o - t o t a l  r a t i o  p l o t t e d  as a f u n c t i o n  o f  energy  in  
f i g u r e  2 .8 .  The e r r o r  due t o  t h e  u n c e r t a i n t i e s  i n  th e  r e sponse  
f u n c t i o n  a r e  ± 30%.
_2
T a r e  t h e  t a r g e t  t h i c k n e s s e s  (ygm cm ) which were measured as 
d e s c r i b e d  in  s e c t i o n  2 .5 .  The e r r o r s  were ± 7%.
Q i s  t h e  charge  i n  m i l l i  Coulombs. The e r r o r  i s  expec ted  t o  be 
< 5%.
M i s  t h e  atomic mass.
42.
The statistical error in the yield Y is plotted as an individual error bar 
associated with each datum point of the excitation functions. The errors 
in the remaining parameters add together in quadrature to produce a total 
error of ± 32% in the absolute cross section scale.
45.
CHAPTER 5 
EXPERIMENTAL RESULTS
The purpose of this chapter is to discuss the results of the 90° 
differential cross section measurements and to compare the excitation 
functions to other relevant data. The angular distributions are dis­
cussed in the second half of the chapter.
3.1 THE 90° DIFFERENTIAL CROSS SECTIONS
3.1.1 The 56Fe(a,y0)60Ni and 56Fe(a,y1)60Ni Results
The 90° differential cross sections were measured for the
56Fe(a,y )60Ni and 56Fe(a,Y )60Ni reactions for the energy ranges, target o l
thicknesses and energy steps indicated in table 3.1. The whole region was
first surveyed in 100 keV or 200 keV steps. Later intermediate energies
in the range E^ = 9.05-11.75 MeV were measured to provide more detail in
the region of the T giant dipole resonance (GDR). The targets used for
most of the measurements were about 25 keV thick so that structure in the
excitation function could have been missed above E = 13 MeV, where thea
measurements were made in 200 keV steps. Unfortunately thicker targets
were not available at the time. Later, when a further supply of the
enriched isotope arrived, thicker targets were prepared to measure the
cross section at the intermediate energies.
The results of these measurements are shown in figure 3.1. For
comparison, figure 3.1 shows the excitation function measured by Diener et
al.(Di71) for the 59Co(p,y )60Ni reaction. The excitation functions for0
both the (a,Y ) and (a,y ) reactions exhibit a broad peak about 6 MeV wide, 0 1
centred at about 15.8 MeV. Intermediate structure about 200 keV wide and
fine structure with a width < 50 keV are also evident. The 59Co (p,y ) 60Ni0
results of Diener et al.(Di 71) exhibit broad peaks at 16.6 MeV and 19.6 MeV
Figure 3.1 (a). The absolute differential cross sections for the
56Fe(a,Yo)60Ni and 56Fe(atY )60Ni reactions 
measured at 90° to the beam direction. The 
vertical bars represent the statistical errors. 
The error in absolute scale is ± 32%. The 
continuous line is a guide to the eye.
Figure 3.1 (b). The 59Co(p,y q)60Ni excitation function measured by 
Diener et al. (Di 71) at 90° to the beam direction 
using targets with an average thickness of 35 keV.
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TABLE 3.1
The energy  s te p  and t a r g e t  th i c k n e s s e s  used over each 
a lp h a  p a r t i c l e  bombarding energy  range  f o r  th e  
56F e (a ,Y )60Ni r e a c t i o n .
Alpha p a r t i c l e  
Bombarding Energy 
Range (MeV)
Energy S tep  
(keV)
j
T a rg e t  T h ickness  
(ygm/cni )
8 .0  - 8 .9 100 86
9 .0  - 11.8 50 218
11.9 - 13.0 100 97
13.0  - 17.4 200 88
11.0  - 11.4 25 97
__________________________
which were a t t r i b u t e d  to  e x c i t a t i o n  o f  th e  T and T^ GDR r e s p e c t i v e l y .
The T GDR peak c o in c id e s  ap p ro x im a te ly  w ith  th e  broad  peak observed  in
th e  ( a ,y  ) e x c i t a t i o n  fu n c t io n .  The in t e r m e d ia te  s t r u c t u r e  a l s o  appears  
0
t o  be c o r r e l a t e d  in  th e  (p ,y  ) e x c i t a t i o n  f u n c t io n .  I t  i s  t h e r e f o r e
0
tem p ting  to  conclude  t h a t  th e  (a ,y )  r e s u l t s  p ro v id e  support  t o  th e
c o n c lu s io n s  o f  D iener e t  a l .  (Di 71) r e g a rd in g  th e  i s o s p in  s p l i t t i n g
o f  th e  GDR. However, i f  th e  broad  peak observed  in  (a ,y  ) e x c i t a t i o n
0
f u n c t io n  i s  due to  th e  T< GDR, one would ex p e c t ,  on a weak co u p l in g  model,
t h a t  th e  GDR b u i l t  on th e  f i r s t  e x c i te d  s t a t e  would be d i s p la c e d  upwards
in  energy  by ap p ro x im a te ly  th e  energy  o f  th e  f i r s t  e x c i te d  s t a t e .  In f a c t
th e  broad  peaks in  th e  (a ,y  ) and ( a ,y  ) e x c i t a t i o n  fu n c t io n s  a r e  a p p ro x i-
0 1
m ate ly  a t  th e  same energy ,  su g g e s t in g  t h a t  th e  (a ,y  ) peak i s  n o t  th e  T< 
GDR peak . T h is  i s  d i s c u s s e d  f u r t h e r  in  C hapter 5. The f in e  s t r u c t u r e  
w i l l  now be c o n s id e re d .
The f in e  s t r u c t u r e  in  th e  (a ,y  ) and (a ,y  ) e x c i t a t i o n  fu n c t io n s
0 1
ap p ea rs  t o  be u n c o r r e l a t e d .  Also many o f  th e  peaks c o n s i s t  o f  a s in g le  
datum p o in t  which s u g g e s ts  t h a t  th e  f i n e  s t r u c t u r e  has a w id th  l e s s  than
45.
the 50 keV energy step. The fine structure in the (a,y ) and (p,y )0 0
excitation functions cannot be directly compared as the (p,y ) excitation
0
function was measured in 100 keV steps using a 30 keV thick target. As a
result much of the structure in the (p,Y ) excitation function would have0
been missed. To provide further information about the fine structure, the
59Co(p,y)80Ni and 56Fe(a,y)50Ni reactions were measured in 25 keV steps
at the same excitation energies, 16.58-16.93 MeV, using targets about 25 keV
thick. This region of excitation was chosen because there is a strong peak
at 16.84 MeV excitation energy in both the (a,y ) and (a,y ) excitation0 1
functions which could be due to exciting a resonance. The results of these
measurements are compared in figure 3.2, which shows that the fine structure
is probably uncorrelated in all four channels. Also the peak in the
(a,y ) excitation function occurs at a slightly different energy in the 0
(a,y ) excitation function, indicating that it is probably not due to a
resonance. The magnitude of the (p,y ) cross section measured here is in0
good agreement with the magnitude of the cross section measured by Diener
et al. (Di 71) although the structure observed here with a slightly thinner
target and in finer steps shows greater fluctuations. These results suggest
that the fine structure observed in the (a,y ) and (a,y ) reactions is most
0 1
probably due to Ericson fluctuations rather than to exciting individual 
isolated resonances. This is investigated further in Chapter 4.
3.1.2 The 48Ti(q,y0)52Cr and 48Ti(q,y )52Cr Results
Differential cross sections were measured for the 48Ti(a,y )52Cr
0
and 48Ti(a,y )52Cr reactions in 50 keV steps over the alpha particle 
l
bombarding energy range 6-12 MeV, using targets that were about 25 keV
thick. The results are shown in figure 3.3. Both excitation functions
exhibit a broad maximum approximately 4 MeV wide which peaks at about 17.0
MeV in the (a,y ) excitation function and about 17.7 MeV in the (a,y )
0 1
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F igu re  3 .2 .  A comparison of  t h e  56F e (a ,y  ) 60Ni, 5fjF e (u ,y
0 1
59Co(p,y  ) 60Ni and 59Co(p,y ) 60Ni r e a c t i o n s ,  measured 
0 1
i n  25 keV s t e p s .  The e r r o r  b a r s  r e p r e s e n t  s t a t i s t i c a l  
e r r o r s .  The e r r o r s  in  t h e  a b s o l u t e  c r o s s  s e c t i o n s  a r e
±  32%.
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F ig u re  3 .3 .  A bso lu te  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  t h e  48T i ( a , y  ) 52Cr
0
and 48Ti ( a , y ^ ) 52Cr r e a c t i o n s  a t  90° t o  th e  beam d i r e c t i o n  
as  a f u n c t i o n  o f  bombarding energy.  The e r r o r  b a r s  
r e p r e s e n t  s t a t i s t i c a l  e r r o r s .  The e r r o r  in  a b s o l u t e  s c a l e  
i s  ± 32%. The con t inuous  l i n e  i s  a gu ide  to  tin; eye.
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e x c i t a t i o n  f u n c t io n .  The 52Cr GDR has  been in v e s t i g a t e d  by Goryachev e t
a l .  (Go 69) u s in g  th e  (y ,xn) r e a c t i o n  which p roceeds  m ain ly  th rough  th e
GDR as  th e  decay o f  T> s t a t e s  t o  lo w -ly ing  l e v e l s  o f  51Cr i s  i s o s p in
fo rb id d e n .  T he ir  r e s u l t s  showed t h a t  th e  T< GDR peaks a t  about 17 MeV
e x c i t a t i o n ,  which su g g e s ts  t h a t  th e  broad  peak in  th e  (a ,y  ) e x c i t a t i o n
0
fu n c t io n  i s  due to  e x c i t a t i o n  o f  t h e  T GDR.
<
Superimposed on th e  broad maxima, th e  ( a ,y  ) and ( a ,y  ) e x c i t a t i o n
0 1
fu n c t io n s  show c o n s id e r a b le  f i n e  s t r u c t u r e  which f r e q u e n t ly  c o n s i s t s  o f  
on ly  a s i n g l e  datum p o i n t ,  s u g g e s t in g  t h a t  th e  w id th  o f  th e  s t r u c t u r e  i s  
l e s s  th a n  th e  50 keV energy  s t e p .  The peaks in  th e  two e x c i t a t i o n  fu n c t io n s  
aga in  appear  to  be u n c o r r e l a t e d ,  i n d i c a t i n g  t h a t  th e  s t r u c t u r e  i s  most 
p robab ly  due to  E r ic so n  f l u c t u a t i o n s .  I n t e r e s t i n g  f e a t u r e s  o f  th e  r e s u l t s  
a r e  two la rg e  peaks a t  ^  17 MeV e x c i t a t i o n ,  and a s im i l a r  peak a t  18.4 MeV 
e x c i t a t i o n .  To i n v e s t i g a t e  th e s e  peaks f u r t h e r  th e  e x c i t a t i o n  fu n c t io n  was 
rem easured in  25 keV s te p s  over th e  a l p h a - p a r t i c l e  bombarding energy  range  
8 .2 -8 .5 2 5  MeV. The r e s u l t s  showed th e  peaks t o  have a w id th  o f  approxim ate­
ly 75 keV. S im i la r  peaks a r e  a l s o  observed  in  th e  (a ,y  ) e x c i t a t i o n  f u n c t io n  
but ap p ro x im ate ly  50 keV lower in  energy . T h is  s u g g e s ts  t h a t  th e  peaks a re  
n o t  due to  re so n an ces  b u t  more p ro b ab ly  due to  f l u c t u a t i o n s .  T h is  i s
i n v e s t ig a t e d  f u r t h e r  in  s e c t io n  4 .5 .  The m agnitude o f  th e  (a ,y  ) and
0
(a ,y  ) c ro s s  s e c t io n s  a r e  s i m i l a r  bu t th e  ( a ,y  ) c ro s s  s e c t io n  d e c re a s e s  
1 1
le s s  r a p id l y  w ith  in c r e a s in g  e x c i t a t i o n  energy .
5 .1 .3  The 40A r (q ,y n) 44Ca, 4QA r (q ,Yl) 44Ca and 38Ar ( q , y j  42Ca R e s u l t s
The 90° d i f f e r e n t i a l  c ro s s  s e c t io n s  were measured f o r  th e  
40A r ( a ,y ) 44Ca and 38A r ( a ,y ) 42Ca r e a c t i o n s  in  50, 100 o r  200 keV energy  
s te p s  as in d i c a te d  in  t a b l e  3 .2 .  The gas p r e s s u r e  in  th e  c e l l  was a d ju s te d  
to  m a in ta in  th e  energy lo s s  o f  th e  a lp h a  p a r t i c l e s  p a s s in g  th rough  th e  gas 
equal to  th e  energy  s te p  in  th e  e x c i t a t i o n  f u n c t io n .
4 7 .
TABLE 3.2
The energy  s t e p s  in  which t h e  40A r ( a , y ) 44Ca and
O O | | 0
Ar(cx,y) Ca e x c i t a t i o n  f u n c t i o n s  were measured.
Energy Step 
(keV)
A l p h a - p a r t i c l e  bombarding 
energy  range  (MeV)
38Ar 40Ar
50 5.1 - 12.7 5.1 - 8 .9
100 12.8 - 13.7 9 .0  - 9 .4
200 13.9 - 15.7 9 .6  - 11.0
I t  was no t  p o s s i b l e  t o  measure t h e  c r o s s  s e c t i o n  i n  f i n e r  energy s t e p s
because  o f  s t r a g g l i n g  o f  t h e  beam p a s s in g  th rough  t h e  e n t r a n c e  f o i l  due
main ly  t o  n o n -u n i fo rm i ty  o f  f o i l  t h i c k n e s s .
The r e s u l t s  o f  th e  40A r ( a , y ) 44Ca measurements a r e  shown i n  f i g u r e
3 .4  and th o s e  f o r  the  38A r (a ,y  ) 42Ca r e a c t i o n  i n  f i g u r e  3 .5 .  For t h e
0
purpose  o f  compar ison,  t h o s e  p a r t s  o f  t h e  38A r (a ,y  ) 40Ca e x c i t a t i o n
0
f u n c t i o n  which were measured by Watson e t  a l .  (Wa 73) i n  50 keV s t e p s
a r e  rep roduced  in  f i g u r e  3 .6 .  The 40Ar r e s u l t s  w i l l  be c ons ide re d  f i r s t .
The 40A r(a ,y  ) 44Ca and 40A r (a ,y  ) 44Ca e x c i t a t i o n  f u n c t i o n s  a l s o  
0 1
p o s s e s s  a broad  maximum which has  a width  o f  a pp rox im a te ly  3.5 MeV. The
energy  o f  th e  maximum in  t h e  (a ,y  ) e x c i t a t i o n  f u n c t i o n  i s  a t  about  15.3
0
MeV e x c i t a t i o n  but appea rs  t o  be app rox im ate ly  800 keV h ig h e r  in  energy in 
the  (a , y  ) e x c i t a t i o n  f u n c t i o n .  Nothing i s  known about  t h e  T^ GDR o f  44Ca 
bu t  t h e  42Ca T< GDR has an energy o f  17.4 MeV e x c i t a t i o n  (Di 73) and 
t h e r e f o r e  based on energy  s y s t e m a t i c s  (see  f i g u r e  1.1)  t h e  44Ca T GDR 
should  be s l i g h t l y  lower in  energy a t  about  16.9 MeV, which i s  a p p r o x i ­
m a te ly  1 .6  MeV above th e  peak energy o f  t h e  ( a ,y  ) g ro s s  s t r u c t u r e .
0
In c o n t r a s t  t o  t h e  80Ni and 52Cr r e s u l t s  t h e  f i n e  s t r u c t u r e  w ith  a
w id th  o f  about 75 keV appea rs  t o  be c o r r e l a t e d  i n  t h e  ( a , y  ) and ( a , y  )
0 1
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Figure 3 .4 . The a b so lu te  d i f f e r e n t i a l  c ro ss  s e c tio n s  fo r  th e  40A r(a ,y  ) 44Ca
0
and 40A r(a ,y ^ )44Ca re a c tio n s  measured a t  90° to  th e  beam 
d ir e c t io n  as a fu n c tio n  o f bombarding energy. The e r ro r  b a rs  
re p re se n t r e l a t i v e  s t a t i s t i c a l  e r r o r s .  The e r ro r  in  a b so lu te  
s c a le  i s  ± 32%. The continuous l in e  i s  a guide to  th e  eye.
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Figu re  3 .7 .  The e x c i t a t i o n  f u n c t i o n  f o r  t h e  41K(p,y ) 42Ca r e a c t i o n
0
measured a t  90° t o  t h e  beam d i r e c t i o n  by Diener  e t  a l . ( D i  73).
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e x h i b i t  f i n e  s t r u c t u r e  superimposed on two broad  peaks a t  17.4 MeV and
20.4 MeV which were a t t r i b u t e d  t o  e x c i t a t i o n  o f  t h e  T and T GDR< >
r e s p e c t i v e l y .  The (a ,y  ) e x c i t a t i o n  f u n c t i o n  t h e r e f o r e  peaks  about 4.4
0
MeV below the  GDR. The c ro s s  s e c t i o n  a l s o  d e c re a s e s  smoothly with  
i n c r e a s i n g  e x c i t a t i o n  energy ,  showing no ev idence  o f  a peak as th e  
e x c i t a t i o n  energy approaches  t h e  energy  of  t h e  T GDR. The most t h a t  can 
be s a id  i s  t h a t  t h e  c ro s s  s e c t i o n  does appear  t o  f l a t t e n  out  and d e c re a s e  
l e s s  r a p i d l y  in  t h e  r e g io n  o f  t h e  T^ , GDR, but  t h i s  does no t  p ro v id e  con­
v in c in g  ev idence  t h a t  t h e  ( a ,y  ) r e a c t i o n  e x c i t e s  t h e  GDR.
0
The d i f f e r e n t i a l  c r o s s  s e c t i o n  i s  very  l a r g e  w i th  an average va lue
a t  13 MeV e x c i t a t i o n  of  5 y b / s r ,  which i s  6-7 t imes  t h e  maximum average
c r o s s  s e c t i o n  measured f o r  t h e  36>40A r (a ,y  ) 4°>44Ca r e a c t i o n s .  However
0
i f  th e  c ro s s  s e c t i o n s  a re  compared a t  s i m i l a r  e x c i t a t i o n  e n e r g i e s ,  t h e s e  
d i f f e r e n c e s  a r e  l e s s  pronounced.
The f i n e  s t r u c t u r e  observed  in  th e  38A r (a ,y  ) 42Ca r e a c t i o n  i s  a l s o
0
very  s i m i l a r  t o  t h a t  observed f o r  t h e  ( a ,y  ) r e a c t i o n  on t h e  o t h e r  Ar
0
i s o t o p e s .  At 12 MeV e x c i t a t i o n  t h e  w id ths  o f  t h e  peaks appear  t o  be
< 50 keV i n c r e a s i n g  t o  about  75 keV a t  14.5 MeV e x c i t a t i o n  which i s  th e
width observed in  th e  40A r (a ,y  ) 44Ca r e a c t i o n  a t  t h i s  energy .  By a
0
comparison o f  t h e  f i n e  s t r u c t u r e  e x h i b i t e d  by t h e  38K (p ,y ^ )40Ca r e a c t i o n
(Di 73) t o  t h a t  observed  in  t h e  36A r (a ,y  ) 40Ca r e a c t i o n ,  Watson e t  a l .
0
(Wa 73) concluded t h a t  t h e s e  r e a c t i o n s  e x c i t e d  i s o l a t e d  r e s o n a n c e s .  I t
was sugges ted  above t h a t  t h e  40A r (a ,y  ) 44Ca r e a c t i o n  may a l s o  proceed
0
th rough i s o l a t e d  r e so n an ces  a t  low e x c i t a t i o n .  I t  t h e r e f o r e  seems reasonab le
t o  conclude  t h a t  t h i s  should  be t h e  case  f o r  t h e  38A r (a ,y  ) 44Ca r e a c t i o n .
0
This i s  d i s c u s s e d  more e x t e n s i v e l y  in  t h e  next  c h a p t e r .
3 ,1 .4  Comparison o f  t h e  (a ,y )  R e s u l t s  
3 . 1 , 4 . 1  I n t e g r a t e d  c ro s s  s e c t i o n s
The t o t a l  c ro s s  s e c t i o n s  f o r  a lp h a  c a p t u r e  on 38Ar,  40Ar, 43Ti and
50.
56Fc were calculated using the expression
a(a,y) 8tt3 3.1
The relationship follows from the assumption that the alpha-capture 
reaction proceeds mainly through 1 states which decay to the 0+ ground 
states by the emission of dipole radiation. This assumption is justified 
later from the analysis of the angular distribution measurements. Under 
these circumstances, the theoretical angular distribution is uniquely de­
termined and is given by the expression (Ro 67)
W(0) = A (1 - P2(cos0)) , 3.2
where 0 is the angle of the detector with respect to the beam direction 
and P^Ccos©) is a Legendre polynomial. If W(0) is integrated over a 4tt 
steradian solid angle, it can be shown that 3.1 holds.
In order to be able to compare the strength of the (a,y) reactions 
with the total gamma-ray absorption strength predicted by the classical 
dipole sum rule the (a,y) cross sections were converted to the inverse 
(y,a) cross sections using the principle of detailed balance, and then
integrated to give fa (y,a)dE. The expressions for converting the (a,y )0
cross sections and (a,y ) cross sections are given by1
1 k2
o(y ,a) = --------- - o (a,y) , 3.3
2(21+1) k2
where I is the spin of the final state and k is the wave number. For the 
purpose of comparison, the integrated (y,a) cross sections were calculated 
for the 24>26Mg(a,y)28>30Si and 28Si(a,y)32S reactions using the results 
of Meyer-Schutzmeister et al. (Me 68) and for the 36Ar(y,a)40Ca reaction
5 1 .
us ing  th e  d a t a  o f  Watson e t  a l .  (Wa 73) .  The Table  3.3 shows th e
r e s u l t s  o f  t h e s e  c a l c u l a t i o n s .  Also inc luded  in  t h e  t a b l e  a r e  the
i n t e g r a t e d  (y ,p  ) c ro s s  s e c t i o n s  f o r  t h e  same n u c l e i  where t h e s e  have
o
been measured.
TABLE 3. 3
Comparison o f  I n t e g r a t e d  (y ,a )  and (y ,p)  
Cross S e c t io n s
Res idua l
Nucleus
Range of  1 
I n t e g r a t i o n  | 
AEx (MeV)
/ a (y,a)dE 
mb. MeV
[ a  (y,a)dE  ^
c . d . s . +
Ref. / a  (y.P0) dE % 
c . d . s . +
Ref.
28Si 1 4 .5 -22 .5 9.64 2.3 Me 68 14.0 Si 65
30Si 14 .0 -22 .0 5.32 1.2 M —
32S 13.1-  2.74 2.74 0.57 M —
40Ca 1 2 .6 -2 2 .2 4 .8 0.8 Wa 73 13.0 Di 73a
42Ca 1 1 .0 -20 .5 30.2 4 .8 P re s e n t 8 .4 Di 73
44Ca 13 .5 -18 .8 2.6 0.39 ft —
44Ca* 1 3 .5 -1 8 .8 0.76 0.12 M —
52Cr 15 .0 -2 0 .5 2.94 0.38 ft —
52Cr* 15 .0 -2 0 .5 0.51 0.07 ft —
| 60Ni
t
13 .9 -22 .8 9.62 1.07 M 2.5 Di 71
1 6°Ni* 
!
i ------------
1 3 .9 -2 2 .8 1.68 0.18 it
l
0 .8 ' tf
deno tes  t h e  f i r s t  e x c i t e d  s t a t e .
gamma-ray a b s o r p t i o n  c r o s s  s e c t i o n  r e q u i r e d  t o  exhaus t  t h e  c l a s s i c a l  
sum r u l e .
Table 3.3 shows t h a t  t h e r e  i s  no obvious  s y s t e m a t i c  dependence o f  t h e
i n t e g r a t e d  (y , a ) or  (y , a ) c ro s s  s e c t i o n s  on e i t h e r  atomic mass number 
0 0 1 0
or n eu t ro n  excess  f o r  n u c l e i  w i th  th e  same Z. Also i s o s p i n  s e l e c t i o n
rules have no apparent role as the isospin allowed and forbidden 
integrated cross sections are approximately equal in magnitude. The 
fraction of the classical dipole sum rule (c.d.s.) exhausted by the
(y ,a ) reaction is about 1% which is several times smaller than the0 0
fraction of the c.d.s. exhausted by the (y,p ) reaction. However an0
interesting observation can be made from a comparison of the (y,p) and 
(y,a) results. For the N  ^ Z nuclei, the fraction of the c.d.s. exhausted
by the (y ,p ) reaction is about twice that exhausted by the (y ,a )0 0 0 0
reaction, whereas for the N = Z nuclei, the (y ,p ) reaction exhausts a0 0
much greater fraction of the c.d.s. than the (y ,a ) reaction. The iso-0 0
spin selection rules therefore do appear to play some role in determining
the (y ,a ) cross sections. If these comparisons are valid (and with two0 0
such examples, it is not possible to draw firm conclusions) the results
suggest that the (y ,a ) cross sections are isospin inhibited by about a
0 0
factor of 5. Calculations in Chapter 5 show that this is a reasonable 
estimate.
3.1.4.2 Peak energies of the (a,yn) cross sections
The broad structures observed in the 58Fe, 48Ti and 40Ar
(a,y) reactions peaked at energies close to the energy of the T^ GDR,
suggesting that the structures were due to exciting the T GDR. However
the 38Ar(a,y )42Ca results showed that this was improbable as the 0
excitation function showed no evidence of any gross structure at the GDR
energy. In addition most of the integrated cross section lay below the
GDR. Similar results were obtained by Meyer-Schutzmeister et al. (Me 68)
for the 24>28Mg(a,y )28>30Si and 28Si(a,y )32S reactions and by Watson
0 0
et al. (Wa 73) for the 35Ar(a,y )40Ca reaction. Again the (a,y ) cross0 0
sections were large below the GDR and relatively small at the GDR energy.
If the incident alpha energies associated with the maximum in the
53.
gross structure are compared instead of the excitation energies, it is 
immediately obvious that the maximum cross sections occur at energies 
close to, or a little above, the Coulomb barrier height in each case.
In table 3.4 the excitation energy of the gross structure is compared 
to the sum of the Coulomb barrier height and reaction Q value. Also 
included in the table are the Q values for competing reactions (the 
(a,n) and (a,p) reactions are the only reactions of importance), and the 
maximum cross section obtained after averaging the cross section over 
1 MeV intervals. The Q values were obtained from the tables of Maples 
et al. (Ma 67).
TABLE 3.4
Comparison of the peak energies of the broad structures 
observed in the (a,y) reactions to the sum of the Coulomb 
barrier height and reaction Q value. The average peak 
cross sections and Q values of competing reactions are
also shown.
I Residual 
Nucleus
1j
Peak Cross 
Section 
mb
Q values (MeV) Coulomb
Barrier
Height
(MeV)
Coulomb
Barrier
+
Q(a,y) 
(MeV)
Energy 1 GDR 
of ! Energy
Peak ! (MeV) 
(MeV) !
i*
(a, y) (a,n) (a,p)
1
28Si 2.0 9.99 -7.19 -1.6 5.19 15.2
i
18.0 | 20
30Si 1.2 10.65 0.03 -2.86 5.11 15.7 16.5 ;^20i
32S 0.3 6.95 -8.14 -1.92 6.06 13.0 ^16 ; 20! |
1 40Ca
j 1.1 7.04 -8.58 -1.29 7.18 14.2 14.0 j 20
«Ca 7.0 6.25 -5.24 -4.03 7.11 13.3 j13.0 ! 17.4
1 44Ca 0.8 8.84 -2.29 -3.32 7.03 15.9 15.3 1 %17i
52Cr 1.0 9.35 -2.70 -1.17 8.27 17.6 17.0 1 18
60Ni 2.1 6.29 -5.10 -3.24 9.45 15.7 15.8 i 16.6 '
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ff the last three columns are compared, it can be seen that the 
peak energy of the gross structure is in good agreement with the energy 
given by adding the Coulomb barrier energy to the Q value, but in poor 
agreement with energy of the GDR. Also table 3.4 shows that the cross 
sections are largest for those nuclei which have the largest (a,n) and 
(a,p) Q values. These facts may be explained as follows.
The considerable fine structure observed in all the (a,y)
reactions suggests that the reaction proceeds mainly through the compound
nucleus in a statistical manner. This suggestion is supported by the
fluctuation analysis of the 24Mg(a,y )28Si reaction by Meyer-Schutzmeister0
et al. (Me 68) who showed that the fine structure observed was due to 
compound nucleus fluctuations. They concluded that the reaction pro­
ceeded mainly through the compound nucleus with only a small contribution 
from direct processes. If it is assumed that this is the case for all the 
(a,y) reactions discussed here,the observations regarding table 3.4 can 
be interpreted qualitatively as follows. If the Q values for the (a,n) 
and (a,p) reactions are very negative, the compound nucleus will have 
relatively few open channels at a given excitation energy, as compared to 
the situation when the Q values are small. In the latter case the (a,n) 
and (a,p) reactions can lead to highly excited states of the residual 
nuclei where the level density may be high. There are then a large 
number of competing channels which reduce the cross section in the
(a,y ) channel.0
The peak in the (a,y ) cross section close to the Coulomb barrier0
can be explained by a similar argument. Below the Coulomb barrier, the 
penetrability of the alpha particle reduces the cross section. As the 
alpha particle energy is increased,the probability of barrier penetration 
increases as well as the gamma-ray strength. These factors dominate the 
reduction in cross section that would be caused by the increasing number
55.
t
of competing channels. Above the Coulomb barrier the probability of
forming a compound nucleus with J = 1  decreases and the number of
competing decay channels increases rapidly so that the (a,y ) cross0
section falls, resulting in a peak in the cross section in the region 
of the Coulomb barrier. This qualitative description is discussed 
more quantitatively using the Hauser-Feshbach theory of compound nucleus 
reactions, in a later section.
5.2 ANGULAR DISTRIBUTIONS
The angular distributions were measured to establish the J71 of
the states excited by the (a,y) reactions. These states were expected
to be mainly 1 states with a small contribution from 2+ states.
Unfortunately the total number of distributions that could be measured
was restricted by the small cross section. As a result only 20 angular
distributions were measured for the 38Ar(a,y )1+2Ca reaction and 10 angular0
distributions for each of the other reactions. The energies were selected 
in order to survey the whole region for which the excitation functions 
were measured, at energies both on and off peaks. The targets were 
usually thicker than those used for the measurement of the excitation 
functions to increase the yield as a collimator with a small solid angle 
was used. Since it was necessary to fit the angular distributions with 
Legendre polynomials up to and including P4 (as explained later), the 
angular distributions were measured at 7 angles between 0° and 149°, 
giving two data points more than the number of free parameters. The 
angular distributions were normalized at forward angles to correct for 
the absorption in the gold backings which was about 6%. When the gas 
cell was used, the angular distributions were corrected at all angles.
The correction factors were measured by Watson (Wa 72) and were less
than 10%.
5 6 .
The measured an g u la r  d i s t r i b u t i o n s  f o r  t h e  (a ,y  ) r e a c t i o n  a re
0
shown in  f i g u r e s  3.8 - 3.12 and th o s e  f o r  t h e  (a ,y ) r e a c t i o n  in  f i g u r e s
1
3.13 - 3.15.  The f i g u r e  c a p t io n s  i n d i c a t e  t h e  t a r g e t  t h i c k n e s s e s  t h a t
were used f o r  each r e a c t i o n .  The (a ,y  ) and (a ,y  ) r e s u l t s  w i l l  be
0 1
d i s c u s s e d  s e p a r a t e l y .
3 .2 .1  The (q ,y Q) Angular  D i s t r i b u t i o n s
The a l p h a - c a p t u r e  r e a c t i o n  on n u c l e i  w i th  0+ ground s t a t e s  a l low s
an unambiguous i n t e r p r e t a t i o n  of  (a ,y  ) a n g u la r  d i s t r i b u t i o n .  Since  bo th
0
7T +  *t h e  p r o j e c t i l e  and t a r g e t  nuc leus  have J  o f  0 th e  a l p h a - c a p t u r e  r e a c t i o n
can only  form compound n u c leu s  s t a t e s  o f  n a t u r a l  p a r i t y  i . e .  J 71 = 0+, 1 ,
+
2 e t c . ,  which a r e  a l i g n e d  in  t h e  M = 0 s u b s t a t e .  I f  t h e  compound nuc leus  
then  decays by a gamma-ray t o  a 0+ ground s t a t e ,  t h e  only  m u l t i p o l a r i t i e s  
o f  i n t e r e s t  a r e  El and E2 s i n c e  t h e  0+ -> 0+ t r a n s i t i o n  i s  fo rb id d e n  to  
f i r s t  o rd e r .  Using t h e  t a b l e s  o f  Rose and Brink (Ro 67) t h e  t h e o r e t i c a l  
a n g u la r  d i s t r i b u t i o n  f o r  1 0+ t r a n s i t i o n  i s  given  by
W(0) = 1 - P2 (cos0) 3.4
where P2 (cos0) i s  a Legendre po lynom ia l .  I f  t h e  e x p re s s io n  f o r  P^ 
i s  s u b s t i t u t e d  t h e  a n g u l a r  d i s t r i b u t i o n  r ed u ce s  t o  a s imple s i n 20 
dependence which peaks  a t  90° and i s  ze ro  a t  0° and 180°.
*4" *f*
For 2 -> 0 t r a n s i t i o n ,  t h e  t h e o r e t i c a l  d i s t r i b u t i o n  i s  g iven  by
W(0) = 1 + 0.71 P2 (cos0) - 1.71 P4 (cos0) 3.5
I f  t h e  e x p re s s io n s  f o r  t h e  Legendre po lynom ia ls  a r e  s u b s t i t u t e d  the  
d i s t r i b u t i o n  s i m p l i f i e s  t o  a s i n 2 20 dependence.  This  has  peaks a t  45° 
and 135° and i s  zero  a t  0°,  90° and 180°.
These d i s t r i b u t i o n s  a r e  f o r  i s o l a t e d  s t a t e s .  I f  bo th  1 and 2+ 
s t a t e s  a r e  e x c i t e d  s im u l t a n e o u s l y ,  the  measured d i s t r i b u t i o n  w i l l  r e f l e c t
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F ig u re  3 .8 .  Angular d i s t r i b u t i o n s  measured fo r  th e  r' &f;e(u,Y j MjNi
0
r e a c t i o n  a t  th e  bombarding e n e rg ie s  i n d i c a te d .  The 
co n t in u o u s  l i n e s  r e p r e s e n t  th e  Legendre Polynomial f i t s  
to  th e  d i s t r i b u t i o n s .  The v e r t i c a l  b a r s  r e p r e s e n t  r e l a t i v e
s t a t i s t i c a l  e r r o r s .  The e r r o r  in  a b s o lu t e  s c a le  i s  ± 32%.
2
The th i c k n e s s  o f  th e  t a r g e t  was 265 ± 15 ygm/cm .
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Figure 3 .9 . Angular d is t r ib u t io n s  measured fo r  th e  48T i(a ,y  ) 52Cr re a c t io n .
0
a t  the  a lpha  p a r t i c l e  bombarding en erg ies  in d ic a te d . The 
continuous l in e s  re p re se n t th e  Legendre Polynomial f i t s  to  th e  
d i s t r ib u t io n s .  The v e r t i c a l  b a rs  a re  r e l a t i v e  s t a t i s t i c a l  
e r r o r s .  The e r ro r  in  th e  s c a le  i s  ± 32%. The ta r g e t  th ick n ess  
was 56 ± 10 ygm/cm .
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Figure 3.10. Angular distributions measured for the kOAr(a ,y )4l+Ca reaction
0
at the bombarding energies indicated. The continuous lines 
represent the Legendre Polynomial fits to the distributions.
The vertical bars are the relative statistical errors. The 
error in absolute scale is ± 32%. The average target thickness
2was 26 ± 15 ygm/cm .
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F ig u re  3 .11 . A ngular d i s t r i b u t i o n s  measured f o r  th e  38A r (a ,y  ) 42Ca r e a c t io n
0
a t  bombarding e n e rg ie s  in d i c a t e d .  The con t inuous  l i n e s  r e p r e s e n t  
Legendre Polynomial f i t s  to  th e  d i s t r i b u t i o n s .  The v e r t i c a l  b a rs  
a r e  th e  r e l a t i v e  s t a t i s t i c a l  e r r o r s .  The e r r o r  in  a b s o lu te  s c a le  
i s  ± 32°o. The 38Ar gas p r e s s u r e  was v a r i e d  to  produce e i t h e r  a 
75 keV or 150 keV energy  lo s s .
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Figure 3.12. Angular distributions measured for the 38Ar(a,y )42Ca reaction0
at bombarding energies indicated. The continuous lines 
represent Legendre Polynomial fits to the distributions. The 
vertical bars are the relative statistical errors. The error in 
absolute scale is ± 32%. The 38Ar gas pressure was varied to 
produce either a 75 keV or 150 keV energy loss.
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Figure 3 .13 . Angular d is t r ib u t io n s  measured fo r  th e  56F e (a ,y  ) 60Ni re a c tio n
1
a t  th e  bombarding en erg ies  in d ic a te d . The continuous l in e  
re p re se n ts  th e  Legendre Polynomial f i t  to  th e  d is t r ib u t io n s .  
The v e r t i c a l  b a rs  a re  r e l a t i v e  s t a t i s t i c a l  e r ro r s .  The e r ro r  
in  a b so lu te  s c a le  i s  ± 32%. The ta r g e t  th ic k n e ss  was 
265 ± 15 ygm/cm^.
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F ig u re  3 .14 . Angular d i s t r i b u t i o n s  measured f o r  t h e  48T i ( a , y  ) 52Cr r e a c t i o n
1
a t  th e  bombarding e n e rg ie s  in d i c a t e d .  The co n t in u o u s  l i n e s
r e p r e s e n t  Legendre Polynom ial f i t s  to  th e  d i s t r i b u t i o n s .  The
v e r t i c a l  b a r s  a r e  t h e  s t a t i s t i c a l  e r r o r s .  The e r r o r  in  a b s o lu te
2
s c a le  i s  ± 32%. The t a r g e t  th i c k n e s s  was 56 ± 10 ygm/cm .
( 618
ANGLE (DEGREES)
Figure 5.15. Angular distributions measured for the 40Ar(a,y )44Ca reaction 
at the bombarding energies indicated. The continuous line 
represents the Legendre Polynomial fits to the distributions. 
The vertical bars represent the statistical errors. The error 
in absolute scale is ± 32%. The target thickness was
260 ± 15 gm/cm^.
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both the El and E2 multipolarities. The individual intensities can be 
separated by fitting the angular distributions with a linear combination of 
Legendre polynomials using the equation,
4
W(0) = I Ak Qk Pk (cos0). 3.6
k= 1
It is necessary to include the odd Legendre polynomials, and P^ in the 
fit, because at excitation energies in the region of the GDR the 1 and 
2 levels are expected to overlap and interfere. This results in non-zero 
values of P^ and P^ as the effect of the interference is to produce an 
asymmetry about 90° in the angular distribution. The are gamma-ray 
angular distribution attenuation coefficients from the smearing effect 
of the finite solid angle of the detector. The values of the were 
calculated by Black et al. (B1 71) for each collimator using a simple 
program. The results obtained for collimator 1 are:
Qx = 0.9929; Q2 = 0.9787; Q3 = 0.9577; Q4 = 0.9302.
The (a,y ) angular distributions were fitted with equation 3.6 using the0
linear least squares fitting program LSTSQ (Op 7l). The program gave two 
estimates of errors in the fitted parameters, termed ’internal errors' 
and ’external errors’. These are calculated from the variance-covariance 
matrix as described by Ferguson (Fe 65). The internal errors are due to 
the errors associated with data points and the external errors are related 
to the goodness of fit. Both errors should be approximately the same if 
the errors on the data points have been correctly estimated. The two sets 
of errors were in good agreement for most angular distributions, indicating 
that the errors in the data were being correctly determined by the line- 
shape fitting program.
The fitted angular distributions are shown as the continuous lines
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in figures 3.8 - 3.12. Since there are two more degrees of freedom
than fitted parameters, the curves should on the average pass through
all of the error bars but one. That this is the case also indicates
that the error bars have been properly estimated.
The normalized coefficients, A. for the (a y ) angular dis-K 0
tributions are shown as a function of energy in figures 3.16 - 3.19.
The error bars represent the larger of the two estimates above.
For a pure El transition, equation 3.4 shows that A^/A^ should
equal -1.0 and A /A should be zero. For most of the angular distribu- 4 0
tions A /A a. -0.8 and A /A is small or zero indicating that the 2 0 4 0
(a,y ) reaction proceeds predominantly through 1 states. The valueso
of the A /A and A /A coefficients are either zero or within two 
1 0  3 0
standard deviations of zero, which again suggests that the E2 contribu­
tion is small or that there is negligible interference. The lack of 
interference could be due to the fact that isolated 1 and 2+ states 
are excited although this explanation seems unlikely in view of the
fluctuations observed in the cross sections for the 56Fe(a,y )60Ni0
and 48Ti(a,y )52Cr reactions. An alternative explanation of theo
apparent lack of interference is that the simultaneous excitation of a 
large number of 1 and 2+ states within the thickness of the target 
results in the interference averaging to zero. The largest values of
A /A occur for those angular distributions measured in minima in the4 0
excitation functions where the ratio of the E2/E1 strengths is more 
likely to be large. This indicates that there is a definite E2 contri­
bution to the cross section which is difficult to estimate accurately 
in the presence of the much larger El transition strength.
The El intensity (a^) and the E2 intensity (o ) can be determined 
explicitly using the expression;
A4
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Figure 3.16. Normalized Legendre Polynomial coefficients determined by
linear least squares fitting of the angular distributions,
measured for the 56Fe(a,y )60Ni reaction.0
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F igu re  3 .19 . Normalized Legendre Polynomial c o e f f i c i e n t s  de term ined  by
l i n e a r  l e a s t  sq u a re s  f i t t i n g  o f  th e  an g u la r  d i s t r i b u t i o n s
measured f o r  th e  38A r (a ,y  ) 42Ca r e a c t i o n .
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Figure 5.20. Normalized Legendre Polynomial coefficients determined by
linear least square fitting of the angular distributions
measured for the 5GFe(a,y )60Ni reaction.1
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W(0) = —  [a (1-P ) + a (1+0.71P -1.71P )4tt i 2 2 2 4
2.68 (a a ) '2- cos 0 (P -P 3.7
1 2  12 l 3
where the P^ are Legendre polynomials of order k. The first two terms are 
just the expressions 3.4 and 3.5 for El and E2 transitions. The last 
term is an interference term. The parameter 0 , in "the case of only
two interfering levels is the difference in phase between the incoming 
& = 1 and l = 2 partial waves.
A simple linear least squares fitting program was written to fit
the above expression to the angular distributions. In order to be able
y
to carry out a linear fit (o a ) 2 cos 0 was treated as a single1 2 12
parameter and 0 then calculated. The program calculated the errors in
the fit in an identical manner to the program LSTSQ referred to earlier.
The results of these calculations for the 58Fe(a,y )60Ni, 48Ti(a ,y )52Cr0 0
and 38Ar(a,y )42Ca reactions are shown in figures 3.21 - 3.23 respectively. 
0
The 40Ar(a,y )44Ca angular distributions gave zero a at all energies in0 2
agreement with the Legendre polynomial fits where A^/A^ ^ 0.0. The value
of 0 for the other nuclei is a, 2 yb which is similar to the intensities
observed in 40Ca and 28Si, as discussed later in Chapter 6. The value of
g obtained for the 38Ar(a,y )42Ca reaction is larger than that obtained 
2 0
for the other reactions. For some of these angular distributions, the 
fitted spectrum was not in good agreement with experiment at 0° which 
could be a result of insufficient background subtraction. A small 
isotropic background would tend to make a2 too large. If a larger back­
ground is subtracted, such as will provide good agreement at 0°, the
magnitude of q 2 is similar to that observed for 4°Ca (see figure 6.3).
The interference angle 0 is close to 90° for all of the reactions at 
all energies for which measurements were taken, and confirms the result
that P = -P ^0. This is similar to the result obtained by Watson et al. 
1 3
(Wa 73).
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Figure 3.21. Absolute cross sections for exciting 1 and 2+ states and the
interference angle 0 determined for the 55Fe(a,y )60Ni12 0
reaction using equation 3.7. The vertical bars represent 
the statistical errors. The error in absolute scale is ± 32'!».
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Figure 5.25. Absolute cross sections for exciting 1 and 2+ states and
the interference angle 0 determined for the 38Ar(a,y )42Ca12 0
reaction using equation 3.7. The vertical bars are the 
relative statistical errors. The error in absolute scale
is ± 32%.
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3.2.2 The (o^y^) Angular Distributions
The interpretation of the (a,y1) angular distributions is much 
less straightforward than for the (a,yQ) distributions since both 1 
and 3 levels can decay by electric dipole radiation to the 2+ first 
excited state. In addition, electric quadrupole or magnetic dipole
• • 4 * 4 " 4 1 *4”radiation can be produced by 2 2 or 4 ->2 transitions. However
if the ratio o/a to the first excited state is similar to the ratio2 l
for the ground state, the electric quadrupole radiation can be neglected. 
Also the magnetic dipole radiation should be much weaker than the electric 
dipole. Consequently, the angular distributions will be assumed to result 
from 3 2+ and 1 ->• 2+ transitions only. The angular correlation tables
of Rose and Brink (Ro 67) give the distribution for 1 -> 2+ as
W(0) = 1 - 0.1 P2 , 3.8
and for the 3 -> 2+ transition as
W(0) = 1 - 0 . 4  P2 . 3.9
Generally, at the excitation energies for which the angular distributions
were measured, both 1 and 3 levels will be excited simultaneously within
the target thickness and the measured distribution will be a combination
of the individual theoretical distributions.
The angular distributions, measured for the 56Fe(a,y )60Ni,
48Ti(a,y ) 52Cr and 40Ar(a,y ) 44Ca reactions are shown in figures 3.13 - l 1
3.15 respectively. The continuous lines are the result of a linear least 
squares fit of the distributions by equation 3.6. Many of the angular 
distributions are isotropic within the errors which is consistent with 
1 states being excited. The normalized Legendre coefficients are shown 
plotted as a function of alpha particle bombarding energy in figures 
3.20, 3.17 and 3.18.
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The value of A /A is close to zero at all energies for each of 
4 0
the reactions justifying the assumption that E2 radiation can be
neglected. From 3.9 and 3.10 the fractions of the (a,y ) cross sections
1
that are due to excitation of 1 and 3 states can be determined from
the normalized A coefficient,
2
F(l') = (0.4 + A )/0.3,
2
and
F(3') = -(A + 0.1)/0.3.
2
For the 56Fe(a,y 360Ni reaction the mean value of the normalized A co- 
1 2
efficient is 0.34 ± 0.13 which gives F(1 3 = 0.2 ± 0.13 and
F(3 3 = 0.80 ± 0.13. The observed ratio of the integrated
56Fe(ct ,y)60Ni to 58Fe(a,y 360Ni cross sections is 0.84, from which it 
0 1
follows that the relative intensities of the 1 ->-2,3 -> 2 and
1 -* 0+ gamma-ray transitions are 17 ± 11, 67 ± 11 and 100 respectively.
Three conclusions follow from these results: (13 the 1 states decay
preferentially to the ground; (23 the 3 GDR built on the 2+ first
excited state is populated about 70% as strongly as the 1 GDR built
on the 0+ ground state; (33 the 1 GDR built on the 2+ state is
relatively weakly excited. An interesting feature of the 56Fe(a,y 360Ni
1
results is that the ratio F(3 }/F(l 3 appears to increase with increasing
bombarding energy. A possible explanation of this result follows from
the Hauser-Feshbach calculations in Chapter 5.
The values of A /A for the 48Ti(a,y )52Cr angular distributions 
2 0 1
show no systematic behaviour, and are positive at some energies which
indicates the presence of Ml transitions. However within the errors
the results are consistent with A /A ^0.1 which is the value for2 0
1 2 transitions, and is a more likely explanation. The normalized
A^ coefficient for the 40Ar(a,y )44Ca angular distributions also indicate 
an increase in F(3 3/F(l 3 with bombarding energy. However at some
6 2 .
e n e r g i e s  A /A > 0 . 4  which i s  i n c o n s i s t e n t  w i th  t h e  t h e o r e t i c a l  an g u la r
2 0
d i s t r i b u t i o n s .  This  i s  p ro b ab ly  due t o  th e  f a c t  t h a t  th e  f i r s t  e x c i t e d  
s t a t e  and the  0+ second e x c i t e d  s t a t e  were s e p a r a t e d  by on ly  630 keV and 
t h e r e f o r e  no t  r e s o l v e d ,  r e s u l t i n g  in  a s t r o n g  c o r r e l a t i o n  between f i t t e d  
gamma-ray i n t e n s i t i e s .  The a n g u la r  d i s t r i b u t i o n  f o r  gamma-rays t o  th e  
second e x c i t e d  s t a t e  should  be i d e n t i c a l  to  t h e  d i s t r i b u t i o n  t o  th e
ground s t a t e  i . e .  A = - 1 . 0 .  A small  c o n t r i b u t i o n  t o  th e  f i t t e d  y
2 1
i n t e n s i t y  from t h e  second e x c i t e d  s t a t e  could  produce a v a lu e  o f  A /A
2 0
g r e a t e r  than  0 .4 .  In view o f  t h e s e  u n c e r t a i n t i e s  i t  i s  n o t  p o s s i b l e  t o  
say any th ing  about  t h e  r e l a t i v e  t r a n s i t i o n  s t r e n g t h s  fo r  t h e  48Ti and 
40Ca r e a c t i o n s .
In summary i t  can be concluded t h a t
(a)
(b)
(c)
(d)
The ( a ,y  ) r e a c t i o n  e x c i t e s  ma inly  1 s t a t e s  and to  ao
l e s s e r  e x t e n t  2+ s t a t e s .
The 2+ c o n t r i b u t i o n  t o  t h e  ( a ,y  ) c ro s s  s e c t i o n  i s
0
^ 1-2 yb.
The ( a ,y  ) r e a c t i o n  e x c i t e s  1 and 3 s t a t e s .
1
There i s  some ev idence  t h a t  the  r a t i o  F(3 ) / F ( l  ) 
i n c r e a s e s  w i th  bombarding energy.
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CHAPTER 4
ANALYSIS OF THE FINE STRUCTURE OBSERVED IN 
THE (g,y) EXCITATION FUNCTIONS USING FLUCTUATION THEORY
4.1 INTRODUCTION
In the previous chapter it was suggested that the fine structure 
observed in the 48Ti(a,y)52Cr and 56Fe(a,y)60Ni excitation functions 
was most probably due to Ericson fluctuations, whereas the fine struc­
ture observed in the 38Ar(a,y )42Ca and 40Ar(a,y)44Ca reactions was
0
uncertain. In this chapter these data will be examined using the 
results of fluctuation theory. The assumptions necessary for the 
derivation of the required formulae will be briefly described.
4.2 FLUCTUATION THEORY 
4.2.1 Introduction
At low excitation energies, many nuclear reactions exhibit sharp 
isolated compound nucleus resonances which are well described by the 
Breit-Wigner dispersion formula. At higher excitation energy the width 
of the resonances (r) increases due to the increase in the number of open 
channels while the spacing (D) decreases. If the levels overlap sig­
nificantly, i. e. r / D'vl,strong interference can occur and the angular dis­
tributions of the reaction products may no longer be symmetric about 90°. 
At still higher excitation, many levels overlap and individual resonances 
are not normally observed. Only the average properties of the compound 
nucleus can be determined, such as the average level spacing and width.
It was thought that the cross section would be smooth at these excitation 
energies but it was pointed out by Ericson (Er 60) that this was not the 
case and that even if r/D >> 1, excitation functions observed with good
energy resolution would show fluctuations.
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4.2.2 Assumptions of Fluctuation Theory
The theory of fluctuations was developed by Ericson (Er 63), 
Brink and Stephen (Br 63) and many others. The starting point of the 
theory is the assumption that the amplitude S f for scattering from 
channel a to a ' can be separated into an average part, S f varying 
slowly with energy and a fluctuating part i.e.
+ Sflueaa aa aa 4.1
Providing the transmission coefficients (T = 2tt<F>/<D>) are less thana
0.25 for all decay channels (Vo 64, Mo 64) S , can be represented as
a superposition of resonance terms,
sfl"c
aa -l
Xa
+ irx/2
4.2
where v'2 =(2P )^2y, .Xa a Xa
reduced widths and EA
The P are penetration factors, the y, are thea Xa
are the energies of the compound nucleus states X.
The statistical assumption of fluctuation theory is that the
reduced widths y^  and therefore the v/2 have random sign and a Gaussian Xa Xa
distribution about a mean value of zero. Writing
l. //2
Xa 1Xa'
- E + irx/2 aa
+ ivaa 4.3
and using the central limit theorem of statistics Ericson (Er 63) showed
that u^ , and v^ , also have random sign and a Gaussian distributionaa aa
X X n<u ,> = <v t> = 0aa aa'
about zero, i.e.
6 5 .
The f l u c t u a t i n g  c r o s s  s e c t i o n  a = |S^^VC| 2 i s  t h e r e f o r e  t h e  sum o f  th e1 a a ' 1
squares  of  two u n c o r r e l a t e d  v a r i a b l e s  u^ . and , with  Gaussian  d i s -aa ’ aa
t r i b u t i o n s .  I t  fo l l o w s  t h a t  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  (P) o f  t h e  
r e l a t i v e  c ro s s  s e c t i o n  cr/<cr> i s  a y2 d i s t r i b u t i o n  o f  two deg rees  o f  
freedom, g iven  by
P = exp(-cr/<a>) . 4.4
I f  t h e  f u r t h e r  s im p l i f y in g  assumption  i s  made t h a t  th e  i n d i v i d u a l  
wid ths  T can be r e p l a c e d  by t h e  average  width  <T> , t h e  r e s u l t s  d e s c r ib e d
A
in  t h e  fo l lowing  s e c t i o n s  can be d e r iv e d .
4 . 2 . 3  The A u t o c o r r e l a t i o n  Func t ion
The a u t o c o r r e l a t i o n  f u n c t i o n  R , (e) i s  d e f in e d  bya a '  w  J
R , ( e )  aa '
<o (E + e)a(E)> 
<a(E)>2
- 1 , 4 .5
where a(E) and a (E + e) a re  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  a t  t h e  en e rg i e s  
E and E + e.  The b r a c k e t s  deno te  ave rages  over  t h e  energy range  o f  t h e  
d a t a .  For t h e  p a r t i c u l a r  case  of  a r e a c t i o n  p roceed ing  through a s i n g l e  
i n c i d e n t  t o  a s i n g l e  ou tgo ing  channe l ,  i t  was shown by Stephens (St 63) 
t h a t
R , ( e )  a a '
r 2
r 2 + e'
4 .6
The a u t o c o r r e l a t i o n  f u n c t i o n  t h e r e f o r e  has  a Lorentz shape wi th  a HWHM 
of r ,  c a l l e d  t h e  coherence  w id th .  The c r i t e r i a  normal ly  adopted  i s  t h a t  
th e  e x c i t a t i o n  f u n c t i o n  i s  c o r r e l a t e d  over th e  r e g io n  - ttT < e < nT which
corresponds  t o  R (e) = 0 .1 .aa
In th e  more g e n e r a l  ca se  when d i r e c t  r e a c t i o n s  c o n t r i b u t e  to  the
c ro s s  s e c t i o n  and t h e  compound nuc leus  r e a c t i o n  p roceeds  th rough  more than
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;i single channel,
4.7
sections contributing to the reaction. It was shown by Ericson (Er 63) 
that,
where k is either 0 or 1 to make N an integer. The S(S’) are the spins 
of the ingoing (outgoing) particle and J(J’) the spins of the target 
(residual) nucleus. The definition of N shows that it is related to the 
number of independent magnetic substates through which the reaction pro­
ceeds. Since all magnetic substates do not necessarily contribute 
equally to the reaction (for instance if the outgoing particle is detected 
at 0° or 180°), the value of N may be less than the maximum value given by 
the formula.
Equations 4.6 and 4.7 predict that ^aa» = 0 when e >> r 
whereas experimentally determined functions R ,(e) show oscillations
about zero for large e. The reason for this behaviour is that the theory 
assumes an infinite set of data when in practice the data are taken over 
a finite energy range. This leads to small random correlations and anti­
correlations which causes R ,(e) to oscillate about zero. Theserv rv.1 v  J
oscillations tend to become larger for increasing e since the range of 
data over which R ,(e) is calculated decreases. It has been shown by
Dallimore and Hall (Da 65a) that the error due to the finite range of data 
(FRD) is given by
N = 1/2 [ (2S + 1)(2J + 1)(2S' + 1) (2J' + 1) + k] 4.8
4.9
where n is the number of independent data points.
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4.3.4 Cross Correlation Function
The cross correlation function C(e) is defined by
C (e)
<ai (E)a2(E + e)> 
<a (E)><a2(E + e)> - 1 4.10
where and a a r e  differential cross sections measured for independent 
channels. For excitation functions which satisfy the assumptions of 
fluctuation theory C(e) = 0 for all e. Again the effect of a finite 
range of data is to produce oscillations in C(e). Dallimore and Hall 
(Da 65a) showed that the FRD error in this case is given by;
Cfe) = 0 + l— ---- 4.11• -/2nN N 1 2
where and are the number of independent cross sections defined 
earlier contributing to each of the measured cross sections and n is as 
above. Equation 4.10 reduces to 4.9 when Nx = N2.
4.3.5 Expected Values of ^aa>(0) f°r the (a,y) Reaction
Equation 4.7 shows that R ,(0) is a maximum and hence theaa'
fluctuations are large if N = 1 and cr(j^ rect = 0- Therefore the 
most suitable reactions for observing compound nucleus fluctuations 
are those for which the target projectile and final products have 
zero spins, such as the (a,YQ) reaction. In this case N = 1 and 
strong fluctuations are expected. Since N = 2 for the (otjy^ ) reaction 
the fluctuations are expected to be partially damped. This value of 
N is less than the value obtained by using equation 4.8 because not 
all of the magnetic substates of the final 2+ state can be populated
if the y  ^ radiation is mainly dipole. This follows from the fact that
capture of a spin zero particle on an even-even target nucleus populates 
the compound nucleus in the m = 0 substate. If the compound nucleus
decays by dipole radiation, Am = 0 or 1, and the final 2+ state
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can only be populated in the m = 0 or 1 substates. As a result N equals
2 rather than 3 for the (a,y ) reaction. Using equation 4.6, the values1
of R(0) expected are therefore R(a,y ) = 1 and R(a,y ) =0.5. Experi-0 1
mental values of R(0) and C(0) are compared to the values expected from 
fluctuation theory in the following sections.
4.3 AUTOCORRELATION ANALYSIS OF THE (a,y ) AND (a,Yl) EXCITATION 
FUNCTIONS
The autocorrelation function R(e) was determined for those parts
of the (a,y ) and (a,y ) excitation functions which were measured in 50 o 1
keV steps. A slightly modified form of equation 4.5 was used
R(c) A E y ! qfET _ cr(E + e)E^ - E^ A ! <q (E)> j <a(E + e)> 4.12
In this equation AE is the energy step between successive measurements
over the energy range of the data E to E^ and z = n x aE where n is an
integer. The average cross sections <a(E)> were obtained by smoothing
the data to remove the effects of the fine structure. The autocorrelation
functions are plotted as a function of z in figure 4.1.
The 58Fe and 48Ti results show that the autocorrelation function
falls to approximately zero after a single energy step, i.e. z = 50 keV.
The coherence width F is therefore s 25 keV which is approximately the
energy loss of the 4He++ ions passing through the target. The value of
T obtained for the 40Ar(a,y )44Ca reaction was about 40 keV. The auto-
0
correlation function for the 38Ar(a,y )42Ca reaction is not shown but
0
exhibits very similar behaviour to 40Ar with r approximately 45 keV.
The values of R(0) are compared in table 4.1 and are all con­
siderably less than the values of R(a,y ) = 1 and R(a,y ) = 0.5 predicted
0 1
by fluctuation theory. This discrepancy might be attributed to a 
smoothing of the fluctuations by the 25-50 keV energy loss of the beam in
R(e
)
JAr(a,r0) Ca
C  (MeV)
Figure 4.1. Autocorrelation functions R(e) plotted as a function of
e, over the range 0 < e < 1500 keV.
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t a b u : a . i
Comparison o f  th e  experim en ta l  v a lu e s  o f  R(0) 
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th e  t a r g e t .  Evidence su g g e s ts  t h a t  th e  coherence w idth  o f  s t a t e s  a t
about 17 MeV e x c i t a t i o n  in  60Ni and 52Cr i s  a- 3 keV (Co 66).  I f  t h i s  i s
th e  c a s e ,  th e  t a r g e t  th i c k n e s s  averages  th e  f l u c t u a t i o n s  over an energy
range  o f  ap p ro x im ate ly  10r.  As shown l a t e r ,  t h i s  damps th e  f l u c t u a t i o n s
and makes th e  a u t o c o r r e l a t i o n  fu n c t io n  appear  t o  behave as i f  de te rm ined
f o r  a c ro s s  s e c t io n  which has a l a r g e r  v a lu e  o f  N. S ince  R (a ,y  ) i s
o
about 0 .2 ,  th e  a p p a re n t  v a lu e  o f  N f o r  th e s e  r e a c t i o n s  i s  5 , i f  i t  i s
assumed t h a t  th e  d i r e c t  c o n t r i b u t i o n  to  th e  c ro s s  s e c t io n  i s  sm a l l .
This  was shown to  be th e  c a se  f o r  th e  24Mg(a,y ) 28Si r e a c t i o n  by Meyer-
0
S ch u tzm eis te r  e t  a l .  (Me 68) and c a l c u l a t i o n s  in  C hapter 5 show t h a t  
th e  d i r e c t  component f o r  th e  r e a c t io n s  c o n s id e re d  h e re  i s  a l s o  sm all .
The argument p r e s e n te d  t h e r e f o r e  appears  to  be th e  most p l a u s i b l e  
e x p la n a t io n  f o r  th e  reduced  v a lu e s  o f  R , ( 0)  observed  f o r  50Ni and 52Cr.
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Assuming th e  damping o f  R , (0 )  i s  due t o  t h e  t a r g e t  t h i c k n e s s ,aa
r e s u l t s  p r e s e n t e d  l a t e r  show t h a t  t h e  v a l u e s  o f  R(a,y  ) and R(a,y  )
0 1
w i l l  be reduced by t h e  same f a c t o r .  T h e re fo re  t h e  r a t i o  o f  R(a ,y  ) /R(a ,y  )
0 1
a t  e = 0 should be a pp rox im a te ly  2, t h e  r a t i o  o f  t h e  t h e o r e t i c a l  v a lu e s .
Table  4.1 shows t h a t  t h i s  i s  t h e  case  f o r  t h e  56F e ( a , y ) 60Ni and
48Ti ( a , y ) 52Cr r e a c t i o n s  bu t  n o t  f o r  th e  40Ar ( a , y ) 44Ca r e a c t i o n .  Here
the  v a lu e  o f  R(0) f o r  th e  (a ,y  ) e x c i t a t i o n  f u n c t i o n  i s  l a r g e r  th a n  t h a t
1
f o r  t h e  (a ,y  ) e x c i t a t i o n  f u n c t i o n ,  in  d isag reem en t  with  f l u c t u a t i o n
0
t h e o ry .  This  s u g g e s t s  t h a t  the  f i n e  s t r u c t u r e  observed  in  th e
40A r ( a , y ) 44Ca e x c i t a t i o n  f u n c t i o n  i s  n o t  due t o  f l u c t u a t i o n s .
I t  i s  d i f f i c u l t  t o  o b t a i n  a p r e c i s e  e s t i m a t e  of  t h e  FRD e r r o r
s in c e  the  f l u c t u a t i o n s  a re  damped. However i f  t h e  e f f e c t i v e  v a lu e s  of
N a r e  used in  equa t ion  4.9,  t h a t  i s N = 5 f o r  t h e  (a ,y  ) r e a c t i o n  and
0
N = 10 f o r  t h e  (a ,y  ) r e a c t i o n ,  t h e  v a l u e s  shown in  t a b l e  4.1 a r e  ob ta ined .
1
These a r e  in  r e a s o n a b l e  agreement w i th  t h e  observed  va lu e s  o f  R(e >> r ) •
A more p r e c i s e  e s t i m a t e  o f  th e  coherence  wid th  can be ob ta ined  
from R(0).  I t  was observed t h a t  R(0) was l e s s  th a n  expec ted due t o  
damping of  th e  f l u c t u a t i o n s  by th e  energy lo s s  o f  t h e  beam in  t h e  t a r g e t  
(E^) . In o rd e r  t o  i n v e s t i g a t e  f u r t h e r  t h e  dependence o f  R(0) upon E^, 
a r t i f i c i a l  e x c i t a t i o n  f u n c t i o n s  were c o n s t r u c t e d  u s ing  t h e  method o f  
Brink and Stephens (Br 64, Br 74).  The c r o s s  s e c t i o n  a t  each energy ,  
a(E) was ob ta ined  from t h e  sum o f  Bre i t-Wigner  am pl i tudes  i . e .
a = IS12 4.13
201 A
where S = £ ------------------------
i= l  E - E^ + i r /2
The A^  were r e a l ,  with  equal  am p l i tudes  and random s i g n s ,  taken  from 
t a b l e s  o f  random numbers (Ab 64).  The E^ were e q u a l ly  spaced with  
s e p a r a t i o n  such t h a t  T/D = 10. E x c i t a t i o n  f u n c t i o n s  f o r  N = 2 were
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obtained by averaging two N = 1 excitation functions. These artificial
excitation functions were then smoothed using different ratios of E^/r
and the value of R(0) xN determined as a function of E^/r. The results
of these calculations are shown in figure 4.2. It can be seen that the
values of R(0) for the (a,y ) and (a,y ) excitation functions are
0 1
reduced by the same fraction as assumed earlier. Using the apparent 
value of N i.e. N = 5, R(0) x N = 0.2, giving E^/r = 9. The average 
energy loss of the beam passing through the target was 40 ± 15 keV for 
56Fe and 30 ± 10 keV for 48Ti. Combining these results, the average 
coherence widths are r(80Ni) = 4.5 ± 1.5 keV and r(52Cr) = 3.3 ± 1.2 keV, 
in good agreement with the experimental values of r(80Ni) = 3 keV and 
r(52Cr) = 5 keV, obtained by interpolating the results of Corti et al.
(Co 66).
In summary the results of the autocorrelation analysis are 
consistent with the conclusion that the fine structure, observed in the 
58Fe (a,y)60Ni and 48Ti (a,y)52Cr reaction is due to fluctuations. The 
nature of 40Ar(a,y)44Ca and 38Ar(a,y)42Ca fine structure remains 
uncertain and requires further study. To this end a cross correlation 
analysis was made of the data as described in the following section.
4.4.3 Cross-Correlation Analysis oc the (a,y0) and (a,y1) Excitation 
Functions
The cross-correlation function, equation 4.10 can be written
AE E=E0
V ‘  % CE3 ' ~ a  (E + e) 1L
E. - E E=E 2 1 1
J.
< a o
<o (E + e)>
. 1 -*
where aQ (E) and (E) are the (a,yQ) and (a,y^ cross sections. The 
average cross sections were again obtained by smoothing the data to remove 
fine structure. The other symbols are as defined earlier. The values of 
C(c) plotted as a function of e are shown in figure 4.3 and the values of
R(
0)
X
N
E j / r
Figure  4 .2 .  P lo t  o f  t h e  expec ted a u t o c o r r e l a t i o n  f u n c t i o n  R(0)
m u l t i p l i e d  by t h e  number o f  independent  channe ls  (N) 
v e r s u s  E^/T where E^ i s  t h e  t a r g e t  t h i c k n e s s  and V i s  
t h e  coherence  w id th .  R e s u l t s  o f  R(0) * N f o r  th e  
5SF e(a ,Y Q) 60Ni and 56F e (a ,y  ) 50Ni d a t a  a r e  shown.
-003
-0 02
-003
« (MeV)
Figure 4.3. The cross correlation function C(e) for the (a,y ) and 
(ajY^ reaction plotted as a function c over the energy 
range -1.500 < c < 1.500 MeV.
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C(0) arc compared to the FRD errors in table 4.1.
As expected for a fluctuating cross section, C(c) for 60Ni and
52Cr oscillates randomly about zero over the whole range of e in a
similar manner to R(e) when e >> r. However, the 40Ar(ct5y)44Ca results
show a peak in C(e) at e = 0, which is twice as large as other
oscillations in the range -1 MeV < e < 1 MeV. Outside of this range
the oscillations are expected to increase due to the smaller range of
data. The FRD error can be estimated using equation 4.11 and the
effective values of N for the (ct,y ) and (a,y ) excitation functions.
0 1
Table 4.1 shows that the FRD error is in agreement with the observed 
oscillations in C(c) for 80Ni and 52Cr. In the case of 44Ca the observed 
value of C(0) = 0.063 is 3 standard deviations greater than expected 
from FRD errors and supports the conclusion in Chapter 3 that the 
40Ar(a,y)44Ca fine structure is probably due to isolated 1 levels rather 
than fluctuations.
4.5 ANOMALOUSLY LARGE PEAKS OBSERVED IN THE 48Ti(a,y0)52Cr REACTION
The 48Ti(a,y )52Cr excitation function showed large peaks at 0
8.25, 8.375, 9.75 and 10.00 MeV alpha-particle bombarding energy with
relative cross sections o/<o> =2.8 where <o> is the average cross
section obtained by smoothing the data. The widths of the peaks at
E^ = 8.25 and 8.375 MeV determined by measurements made in 25 keV steps
were 75 ± 15 keV, which is ^ 15 coherence widths. However, as similar
peaks were not observed at the same energies in the (a,y ) reaction, it
1
was tentatively assumed that the peaks were probably due to fluctuations. 
In order to show that such peaks are consistent with fluctuation theory, 
the number of peaks with a relative cross section greater than 
a/<a> = 2.8 in the energy range of the data was calculated. Although 
equation 4.4 can be used to estimate the probability for large peaks, it
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was shown by Branford and Newton (Br 74) to be inaccurate unless 
<T>/<D> 'v oo. They used synthetic excitation functions to show 
empirically that the number of peaks above a given relative height, 
o / < o > in an energy interval Ej to E2 is
H = 1.2 PN (E2 - EO/r , 4.15
where is the integral of x2 for 2N degrees of freedom between the 
limits of integration 2N o / < o > to °° and r is the coherence width.
Using the result that the effective value of N for 48Ti (a,y)52Cr excitation 
function is 5, the above expression gave H = 1.5 ± 0.75. The number 
of peaks predicted by artificial excitation functions is therefore in 
reasonable agreement with the actual number observed, providing further 
support to the conclusion that the peaks are most probably due to 
Ericson fluctuations.
4.6 SUMMARY
From the results of the fluctuation analysis it can be concluded
that:
(i) The fine structure observed in the 56Fe(a,y)60Ni and 
48Ti(a,y)52Cr reactions is due to Ericson fluctuations.
(ii) The coherences widths, T deduced from the values of R ,(0) 
are r(48Ti) = 3.3 ± 1.2 keV and r(60Ni) = 4.5 ± 1.5 keV.
(iii) The fine structure observed in the 38Ar(a,y)42Ca and 
40Ar(a,y)44Ca reactions is probably due mainly to 
excitation of individual isolated resonances with widths 
% 40 keV.
(iv) The anomalously large peaks observed in the 48Ti(a,yQ)52Cr 
reaction are probably due to Ericson fluctuations, 
supporting conclusion (i).
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CHAPTER 5
HAUSER-FESHBACH CALCULATIONS OF (y,a0) CROSS SECTIONS 
5.1 INTRODUCTION
Hauser-Feshbach calculations have very successfully predicted 
the average cross sections and angular distributions of both particles 
and gamma-rays following particle-induced compound nucleus reactions 
(Vo 68). Similar calculations of photon-induced reactions have met with 
mixed success although the evaporation spectra of neutrons, protons 
and alpha particles have provided convincing evidence that the photo- 
nuclear reaction proceeds predominantly through the compound nucleus in 
a statistical manner (Ha 70). Exceptions are the (y,pQ) and (y,nQ) channels 
where the measured yield can be orders of magnitude larger than predicted 
by the statistical model. There is evidence to show that this is also the 
case for the (y,otQ) reaction on heavy nuclei. For example Meneghetti 
and Vitale (Me 65) were unable to fit the high energy tail of the alpha 
particle spectra obtained by bremsstrahlung irradiation of Bi and In, 
whereas good fits were obtained to the spectra from irradiated Cu and 
Ag. They concluded that this was due to a direct (y,aQ) reaction similar 
to the (y,pQ) reaction. Kellar and McConnell (Ke 72) measured (y,a) 
excitation functions for a range of nuclei between Ti and Ag and compared 
the results to Hauser-Feshbach calculations with disappointing results.
This was attributed to the large uncertainties in level density parameters 
rather than a failure of the statistical model, Hauser-Feshbach calculations 
were also used to successfully explain the rapid fall in the cross section 
which occurs in the 89Y(p,yQ)90Zr excitation function (Ma 69) following 
the opening of the neutron channel. However at higher energies the 
measured cross section for this reaction was much larger than predicted
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by t h e  s t a t i s t i c a l  model due t o  t h e  n o n - s t a t i s t i c a l  n a t u r e  o f  t h e  (p,Y0) 
r e a c t i o n  a t  GDR e n e r g i e s .
The q u a l i t a t i v e  argument p r e s e n t e d  in  s e c t i o n s  3 . 1 . 4 . 1 / 2  and 
th e  a n a l y s i s  o f  t h e  f i n e  s t r u c t u r e  in  terms of  E r ic son  f l u c t u a t i o n s  
sugges t  t h a t  t h e  (a,Y0) r e a c t i o n s  c o n s id e re d  h e r e , p r o c e e d  p redom inan t ly  
th rough  t h e  compound n u c l e u s  in  a s t a t i s t i c a l  manner. Hauser-Feshbach  
c a l c u l a t i o n s  may t h u s  be a b l e  t o  p r e d i c t  t h e  ave rage  c r o s s  s e c t i o n s  and 
rep ro d u ce  t h e  shape o f  t h e  e x c i t a t i o n  f u n c t i o n s .  T h e r e f o r e ,  c a l c u l a t i o n s  
were per formed t o  e s t i m a t e  t h e  c r o s s  s e c t i o n s  f o r  t h e  (Y,a 0) r e a c t i o n  on 
30S i , 32S, 40 >4 2 >44Ca, 52Cr and 60Ni as d e s c r i b e d  i n  th e  fo l l o w in g  s e c t i o n s .
5.2 THE HAUSER-FESHBACH FORMULA APPLIED TO (Y,<*0) CROSS SECTIONS
The d e r i v a t i o n  of  t h e  Hauser-Feshbach e x p re s s io n  f o r  t h e  r e a c t i o n  
c ro s s  s e c t i o n  , i s  o u t l i n e d  i n  Appendix A where i t  i s  shown t h a t
ttX2
CC1 (2 i+ l )  (21 + 1) J tt
I  (2J+1)
I Ts* I i  ’sa S ' v
l
5.1
S"£" S"£"
The i ,  I ,  and J  a r e  t h e  s p in s  of  t h e  p r o j e c t i l e  t a r g e t  and compound nu leus  
s t a t e  r e s p e c t i v e l y .  The T^ a r e  t r a n s m i s s i o n  c o e f f i c i e n t s  which were c a l ­
c u l a t e d  as  d e s c r ib e d  i n  s e c t i o n  5 .4  and t h e  summation over  l "  i s  taken  over 
a l l  p o s s i b l e  decay  c h a n n e l s .
For t h e  p a r t i c u l a r  case  of  t h e  ( y , a 0) r e a c t i o n  t h e  above e x p re s s io n  
can be s i m p l i f i e d  c o n s i d e r a b l y .  This  i s  because  t h e  a b s o r p t i o n  o f  e l e c t r i c  
d i p o l e  r a d i a t i o n  acc o u n ts  f o r  app ro x im a te ly  90% of  th e  t o t a l  a b s o r p t i o n  
c r o s s  s e c t i o n  in  t h e  r e g i o n  o f  t h e  GDR. T h e r e f o re ,  f o r  even-even t a r g e t  
n u c l e i  t h e  ( y , a 0) r e a c t i o n  p roceeds  a lmost  e n t i r e l y  th rough  1 s t a t e s  of  
th e  compound n u c leu s  and hence eq u a t io n  5.1 can be w r i t t e n ,
T T
o ( y , a  ) = (2J+l)i r*2 y , 5 .2
l  t £
l
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This allows the expression to be separated into the independent 
processes of formation and decay, giving
°<Y' V  = • 5-3
where g cn is, to a good approximation, the total photonuclear absorption 
cross section. Thus the (y,aQ) cross sections can be estimated using 
experimental values of cr and calculated values of the transmission 
coefficients.
5.3 THE VALUES ADOPTED FOR aCN
The values of cr that were used for each nucleus are shown in CN
table 5.1.
TABLE 5.1
Values of cr used in the calculations of the (Y,°0
cross sections
j Nucleus ]
|
Values of CN
used
Reference !1
j1
1 28Si
j j
cr for naturalAbs Si Be 68
■ ! ;
i
j
1 30Si n f tI
C
O
CMCO (Y,n) §  (Y,p)
i
An 67 §  Sh 62
i
40Ca 
42 Ca
cr for naturalAbs
it
Ca Be 68
1
"
1
1
44Ca ii » i!
52 Cr 
60Ni
(Y,n) §  (Y,p) 
?!
Be 73 §  Is
M
70
jince the total photonuclear absorption cross section had not been
o 9measured for S, cr was approximated by summing the (Y,n) and (Y,p) 
cross sections. In the case of 52Cr and 60Ni, the cr^ for the T< GDR
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were obtained by increasing the magnitude of the (y,n) cross sections 
by about 30% to take account of the observed (y,p) cross sections in 
the region of the GDR.
The experimental photonuclear cross sections were not available 
for 30Si, 42Ca and 44Ca. Therefore the values of used for all the 
Si and Ca isotopes were the total photonuclear absorption cross sections 
for natural Si and Ca. Since natural Si is 92.2% 28Si and natural Ca 
96.9% 40Ca, the total photonuclear absorption cross sections are due 
predominantly to these isotopes and may not represent accurately the 
absorption cross sections for the other isotopes. In particular, if the 
theory of isospin splitting (Go 67, Ak 71) is correct, the GDR of the 
N  ^ Z nuclei should have two isospin components at different energies 
whereas the GDR of 28Si and 40Ca have only one component. The calculations 
for 30Si, 42Ca and 44Ca therefore initially assumed that the GDR is not 
isospin split. Calculations which assumed a Lorentzian shape for 
with the correct strength for the T GDR in 42Ca and 44Ca are described 
later.
5.4 CALCULATION OF TRANSMISSION COEFFICIENTS
The ratio of transmission coefficients T /TT£ was calculatedan Lu l
using the computer code 'Hauser' (Da 70), modified for the case of a 
reaction proceeding through a single J value of the compound nucleus. 
The program calculated the transmission coefficients using the optical 
potential appropriate to the particular decay channel- In the cal­
culations it was only necessary to consider decay by neutrons, protons 
and alpha particles as other decay modes were not energetically allowed
at the excitation energies of interest.
The form of the optical model potential was:
78.
where:
V (r) -Vf(r) - i ( Wf (r) +4anWn^ -|—  -) central potentialD D dr
'jL,f % M im spin orbital potential
Z Z ’e2
2Rc
ZZ'e2
3 - - T r - j , for r ^ R
for r > R,
Coulomb potential
and
V is the depth of the real optical potential;
w is the »? ir imaginary volume potential;
WD is the
M M imaginary surface potential;
VSo is the
If n spin orbit potential;
Rc is the Coulomb radius (== r A ^ 3) ; 0
Z,Z' are charge of target and projectile;
f(r) is the usual Saxon-Woods form factor given by
"a"
f (r) 1 + exp r-roAJ
V3\ ] -1
is the diffuseness which may be different for real, 
imaginary and spin orbit potentials.
The parameters for the proton channels were calculated from the generalized 
optical model parameters of Perey (Pe 63), which were determined for 
4-22 MeV protons elastically scattered from nuclei in the mass range 
30 < A < 100. The neutron parameters were calculated from a similar 
generalized potential of Wilmore and Hodgson (Wi 64). The alpha-particle 
optical model parameters are those of Bock et al.(Bo 67) determined from 
elastic scattering data for 42Ca, 48Ti and 52Cr, at 15.98 MeV alpha energy.
The sum of transmission coefficients Tt . must be taken over all
i 1
possible decay channels, that is to all states of the residual nuclei 
energetically accessible. However the energies, spins and parities of
l e v e l s  in t h e  r e s i d u a l  n u c l e i  a r e  on ly  known up t o  a l i m i t e d  e x c i t a t i o n  
energy.  At h ig h e r  e n e r g i e s  th e  unknown l e v e l s  must be e s t im a te d  us ing
the  l e v e l  d e n s i t y  formulae.  The sum £t . was t h e r e f o r e  de termined  as
i *
fo l l o w s .  The t r a n s m i s s i o n  c o e f f i c i e n t s  were f i r s t  c a l c u l a t e d  f o r  decay 
to  each o f  t h e  known l e v e l s  o f  th e  r e s i d u a l  n u c l e i .  The e x c i t a t i o n  
energy range  over which t h e  l e v e l  d e n s i t y  formula was used was d iv id e d  
i n t o  small  i n t e r v a l s .  In each i n t e r v a l  i t  was assumed t h a t  t h e  t r a n s ­
m iss ion  c o e f f i c i e n t s  were c o n s t a n t  and equal  t o  t h e  v a l u e  a t  t h e  middle  
of  t h e  i n t e r v a l .  The number o f  l e v e l s  con ta in ed  in  t h e  i n t e r v a l  was 
e s t im a te d  u s in g  th e  formulae  o f  G i l b e r t  and Cameron (Gi 65) .  T h e re fo re
^T can be w r i t t e n
£ £
where the  sum over £'  was t a k e n  over a l l  known f i n a l  s t a t e s  up t o  an 
e x c i t a t i o n  U in  each r e s i d u a l  n u c l e u s .  The energy i n t e r v a l  aE over
d e s c r i p t i o n  o f  t h e  l e v e l  d e n s i t y  formulae  of  G i l b e r t  and Cameron i s  given  
in  Appendix B.
The r a t i o  of  Ta /^T was c a l c u l a t e d  in  1 MeV energy s t e p s  fo r
i 1
e x c i t a t i o n  e n e rg i e s  i n  th e  range  12-22 MeV. The r e s u l t s  a r e  p l o t t e d  in
(k+1) aE+U
l1l - l  V  * 1 1  t J  p (E)dE 
1 » ’ k 1 kAE+U
which t h e  T^ were assumed c o n s t a n t  was u s u a l l y  t a k e n  t o  be 200 keV. A
f i g u r e  5.1 as f u n c t i o n s  of  t h e  energy o f  a Q. The ( y , a Q) c r o s s  s e c t i o n s
were o b ta in e d  by m u l t i p l y i n g  T /Vt by t h e  a p p r o p r i a t e  exper im en ta l  va lues
£ £
of  G£N* These c ro s s  s e c t i o n s  a r e  compared t o  t h e  expe r im en ta l  (y ,a  ) 
d a t a  in  f i g u r e  5 .2 .  The ( y , a Q) e x c i t a t i o n  f u n c t i o n s  were ob ta in ed  from 
th e  i n v e r s e  ( a , y 0 ) e x c i t a t i o n  f u n c t i o n s  a s  d e s c r ib e d  in  s e c t i o n  3 . 1 .4
and smoothed to  remove th e  e f f e c t s  of  t h e  f i n e  s t r u c t u r e .
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Figure 5.2. Excitation functions for the (y,a0) reaction obtained from 
a-capture data using the principle of detailed balance.
The data shown in la and If are from Meyer-Schutzmeister 
et al. (Me 68). Those in lc are from Watson et al. (Wa 73). 
The others were measured in the present work. The relative 
experimental errors are approximately ± 10%. The absolute 
errors are ± 25%. The dashed lines are the results of 
calculations (see text). The vertical lines indicate the 
relative errors due to uncertainties in the total photonuclear 
cross sections where they are greater than ± 10%. The crosses 
indicate the energies at which transmission coefficients were 
calculated.
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5.5 DISCUSSION OF THE RESULTS OF THE HAUSER-FESHBACH CALCULATIONS
5.5.1 Introduction
Since the discussion of the results touches on a number of topics 
these are considered in separate sub-sections. The discussions with 
regard to isospin splitting and mixing in the GDR are therefore treated 
separately in sections 5.5.3 and 5.5.4. First some general comments 
will be made concerning the agreement between the calculated and fitted 
cross sections.
5.5.2 General Comments
Figure 5.2 shows that in all cases the excitation energy of the
calculated maximum cross section is in good agreement with experiment.
The absolute magnitude of the calculated cross sections in the region of
the maxima are well reproduced for the N / Z nuclei but not for the N = Z
nuclei. With the exception of the 52Cr(y,a )48Ti reaction, the agreement0
for the N  ^Z nuclei is particularly satisfactory since the calculations
were not expected to accurately reproduce the magnitude of the cross section
due to the large uncertainties in o^, 0 (Y >°0 > and the ratio T^/^T^. In
i
fact the 30Si, 42>44Ca and 80Ni results agree to within 30% which is equal 
to the probable error in the experimental (y,a) cross sections above.
The failure of the calculations to estimate the cross sections for
the N = Z nuclei is interpreted in section 5.5.2 as due to the effects of
isospin. However there is another factor which may be influencing these 
results as well as the results for the N / Z nuclei.
Figure 5.2 shows that the agreement between the calculated and 
measured cross sections for 30Si, 40Ca, 52Cr and 80Ni becomes progressively 
worse with increasing excitation energy. Since the calculated cross sections 
at high excitation were very dependent upon the accuracy of the level 
density formulae and parameters, a possible explanation is that the number
o f  l e v e l s  was o v e re s t i m a t e d .  This  e x p l a n a t i o n  i s  suppor ted  by the
52C r ( y , a  ) 48Ti r e s u l t s  which show poor agreement a t  th e  peak c r o s s  
0
s e c t i o n .  This  nuc leus  d i f f e r e d  from t h e  o t h e r s  in  t h a t  t h e  l e v e l  d e n s i t y  
formula was r e q u i r e d  even a t  t h e  lowest  e n e r g i e s .  The peak c r o s s  s e c t i o n  
was t h e r e f o r e  v e ry  s e n s i t i v e  t o  t h e  accuracy  o f  t h e  l e v e l  d e n s i t y  p a r a ­
m e te r s  and formulae.
Although t h i s  e x p l a n a t i o n  can account  f o r  t h e  u n d e r e s t i m a t io n  o f  
t h e  c r o s s  s e c t i o n  a t  h ig h e r  energy  in  th e  ca se  o f  30S i ,  40Ca and 52Cr,  
i t  does not  f u l l y  account  f o r  t h e  d i s c r e p a n c y  a t  t h e  h ig h e s t  e n e rg i e s  f o r  
60Ni.  The 56Fe ( a , y ) 60Ni c r o s s  s e c t i o n s  were measured t o  a h ig h e r  e x c i t a ­
t i o n  th an  f o r  th e  o th e r  n u c l e i .  I t  i s  observed t h a t  between 20 and 23 
MeV e x c i t a t i o n  t h e  c r o s s  s e c t i o n  appea rs  t o  be app rox im a te ly  c o n s t a n t .  
However i f  t h e  r e a c t i o n  p roceeds  e n t i r e l y  th rough  t h e  compound n u c l e u s ,  
t h e  c r o s s  s e c t i o n  should  show an e x p o n e n t i a l  d e c r e a s e .  A p o s s i b l e  
e x p l a n a t i o n  i s  t h a t  t h e r e  i s  a small  n o n - s t a t i s t i c a l  c o n t r i b u t i o n  to  th e
c r o s s  s e c t i o n .  The ev idence  f o r  such ' d i r e c t *  ( y ,a  ) r e a c t i o n s  i s
0
s t r o n g e s t  f o r  heavy n u c l e i  as  d i s c u s s e d  in  s e c t i o n  5 .1 .  For medium
weight  n u c l e i ,  t h e r e  i s  almos t  no such ev idence .  The t o t a l  51V ( y , a ) 47Sc
c r o s s  s e c t i o n s  measured by Carver  (Ca 61) sugges t  a small  n o n - s t a t i s t i c a l
c o n t r i b u t i o n  above 22 MeV e x c i t a t i o n .  However h i s  s t a t i s t i c a l  c a l c u l a t i o n s
of  t h e  (y ,a )  c r o s s  s e c t i o n s  a l s o  r e l i e d  upon t h e  acc u racy  o f  l e v e l  d e n s i t y
formulae  and t h e r e f o r e  t h e  ev idence  i s  v e ry  weak.
In t h e  case  of  t h e  s e m i - d i r e c t  40Ca(y ,p  ) 39K r e a c t i o n  i t  was observed
0
by Branford (Br 73a)that  t h e  r a t i o  of  t h e  (y ,p  ) c r o s s  s e c t i o n  t o  th e  t o t a l
0
a b s o r p t i o n  c ro s s  s e c t i o n  was c o n s t a n t .  I f  i t  i s  assumed t h a t  t h e r e  i s
n o n - s t a t i s t i c a l  (y , a  ) r e a c t i o n  analogous  t o  t h e  s e m i - d i r e c t  (y ,p  )
0 0
r e a c t i o n ,  i t  was e s t im a te d  t h a t  th e  c r o s s  s e c t i o n  due t o  t h i s  component 
a t  th e  peak o f  80Ni GDR was 0 .4  mb. Simple t h e o r e t i c a l  e s t i m a t e s  
have sugges ted  t h a t  t h i s  may not  be an u n reas o n ab le  v a lu e  (Sh 73).  The
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effect of including this component is shown in figure 5.2 (h).
The shapes of the calculated excitation functions are in 
reasonable agreement with experiment for the N f Z nuclei with the 
exception of 30Si. The poor agreement for 30Si is not surprising since 
the GDR of nuclei in this mass region exhibit intermediate structure.
It was pointed out in section 5.3 that the total absorption cross section 
of natural Si (92% 28Si) was used for the of 30Si. Since the inter­
mediate structure is probably different for the two nuclei it is impossible 
for the calculations to reproduce the detailed shape.
For the N = Z nuclei, the shapes of the calculated cross sections 
disagree with experiment. This can be explained to some extent by the 
inaccuracies in the level density formulae but may be due also to a 
variation in isospin mixing with energy. This is considered further in 
section 5.5.3.
In summary, the calculated cross sections for the N  ^Z nuclei
provide a good estimate of the experimental (y,a ) data in the region of
0
the maximum but not at higher energies. This may be attributed partly 
to inaccuracies in the level density formulae but there may also be a 
semi-direct, that is non-statistical, contribution to the cross section.
The N = Z results show poor agreement in both magnitude and shape. 
Although the results will also be affected by the inaccuracies in the 
level density formulae, much of the disagreement is probably due to the 
effects of isospin as discussed in the following sections.
5.5.3 Isospin Mixing in the Region of the GDR of the N = Z Nuclei
When calculating the (y,a ) cross sections for the N = Z nuclei,0
no account was taken of the fact that the reaction is isospin forbidden. 
The poor agreement obtained for these nuclei compared to the results for 
the N / Z nuclei therefore strongly suggests that the experimental cross
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sections are inhibited by the isospin selection rule. Thus the calcula­
tions provide a basis for understanding the results obtained by Meyer- 
Schutzmeister et al. (Me 68) for 28Si and 30Si and the similar results 
obtained here for 40Ca and 44Ca, which show the isospin forbidden reactions 
with a larger cross section than the isospin allowed reactions. These 
results do not imply a complete violation of the isospin selection rule.
In fact a comparison of the data to the Hauser-Feshbach calculations 
suggests that the cross sections for the N = Z nuclei are inhibited by 
about a factor of 5. The smaller cross sections for the N / Z nuclei are 
due to the much greater number of open channels for these nuclei compared 
to the N = Z nuclei. This has a larger effect than the isospin selection 
rule in decreasing the cross sections.
Since the (Y,aQ) reaction for dipole radiation is isospin forbidden 
in self-conjugate nuclei, the observation of a measurable cross section 
can be taken to imply isospin mixing between T = 0 and T = 1 compound 
nucleus states. In Chapter 1 it was suggested that the (a,YQ) cross 
section in self-conjugate nuclei is proportional to an effective a^, where 
a is the amplitude of the T = 0 isospin impurity in the T = 1 state. This 
is assumed in the following. Figure 5.2 shows that the ratio of measured 
to calculated cross sections for each of the N = Z nuclei increases with 
energy between 14-20 MeV excitation. This may be due partly to the in­
accuracies in the level density parameters but could also be due to an 
increase in a with increasing energy. For 40Ca it was concluded by 
(Wa 73) that a decreases above 21 MeV excitation. These results may there­
fore add support to the suggestion first voiced by Wilkinson (Wi 56a) that 
a increases initially as the spacing (D) between the T = 0 and T = 1 levels 
decreases and then falls as the width Y of the levels becomes greater than 
the Coulomb matrix elements. If T is large, the lifetime is very short and 
the Coulomb force does not have time to mix T = 0 and T = 1 states.
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TABLE 5.2
The average values of a, derived from the (a,y) cross 
sections compared to the results obtained by Wu et al 
(Wu 70) using the formula of Barker and Mann (Ba 57).
• Energy Average a
Range (a,y)data
(MeV)
Excitation 
energy range
(MeV)
Average a 
°(y,p0)/
°(y,n0)
28 Si 15.0 - 22 0.6 ± 0.3 18.0 - 20.5 0.15 ± 0.06
32S 13.3 - 17.1 0.3 ± 0.15 15.5 - 19.0 0.06 ± 0.05
40Ca 13.0 - 20.0 0.5 ± 0.2 18.0 - 24.0 0.2 ± 0.02
In table 5.2, average values of a obtained from the (y,a0) cross 
sections are compared to values previously obtained by Wu et al. (Wu 70) 
from the ratio a (y ,pp)/a (y ,n ) . The (y,a ) values are probably overestimates 
due to the inaccuracies in the level density formulae. It should also be 
noted that the excitation energies over which the two estimates are 
obtained do not overlap completely. However the table does suggest that 
the values obtained from the (y,a) cross sections are much larger than the 
values obtained by Wu. The differences are even larger if the values of a 
are compared for the common regions of excitation.
There are a number of possible reasons for these discrepancies:
(i) The formula of Barker and Mann (Ba 57) which was derived for the 
particular case of two non-interfering levels is not applicable 
at GDR energies where there are many overlapping, interfering 
levels.
(ii) Ground state isospin impurities are not taken into account.
(iii) The (y,nQ) and (y,p0) reactions take place mainly through a 
semi-direct mechanism with a much shorter lifetime than the 
compound nucleus lifetimes which characterize the (y,a )
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r e a c t i o n .  Th is  r e s u l t s  in  a s m a l l e r  v a lu e  of  a s i n c e  Coulomb 
m a t r ix  elements  have l e s s  t ime  t o  mix t h e  T = 0 and T = 1 
s t a t e s .
I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  bo th  methods g ive  app rox im ate ly  th e  
same r e l a t i v e  v a l u e s  o f  a between d i f f e r e n t  n u c l e i ,  fo r  i n s t a n c e  bo th  s e t s  
o f  r e s u l t s  show t h a t  t h e  i s o s p i n  i m p u r i t i e s  in  32S a r e  r e l a t i v e l y  sm a l l e r  
tha n  f o r  t h e  o th e r  n u c l e i .  T here fo re ,  a l th o u g h  a comparison o f  t h e  
a b s o l u t e  v a lu e s  of  a may not  be v e ry  meaningfu l ,  t h e  r e l a t i v e  v a l u e s  from 
n u c leu s  to  nuc leus  may i n d i c a t e  t h e  changes in  i s o s p i n  i m p u r i t i e s .
5 . 5 . 2  D iscu ss io n  of  t h e  R e s u l t s  f o r  t h e  N ^ Z N ucle i
In Chapter  1, i t  was s t a t e d  t h a t  one o f  t h e  r e a s o n s  f o r  beg inn ing  
t h i s  s y s t e m a t i c  s tudy  o f  th e  ( y , ^ )  r e a c t i o n  was t o  i n v e s t i g a t e  th e  p r o ­
posed i s o s p i n  s p l i t t i n g  o f  t h e  GDR. Broad peaks observed in  t h e  e x c i t a t i o n  
f u n c t i o n s  o f  p ro ton  c a p t u r e  d a t a  had been i n t e r p r e t e d  as  t h e  T< and T  ^
components of  t h e  GDR. I t  was hoped t o  suppor t  t h e s e  i s o s p i n  a ss ignments
by t h e  o b s e r v a t i o n  o f  a peak in  th e  ( a ,y  ) e x c i t a t i o n  f u n c t i o n s  a t  th e
0
T^ GDR energy b u t  not  a t  t h e  energy o f  t h e  T^ GDR. U n f o r tu n a t e ly  th e  
( a ,y )  e x c i t a t i o n  f u n c t i o n s  d id  no t  d i s p l a y  a s imple  GDR shape which would 
have al lowed a s t r a i g h t f o r w a r d  i n t e r p r e t a t i o n  of  t h e  r e s u l t s .  Thus i t  
became n e c e s s a r y  t o  c a r r y  out  Hauser-Feshbach c a l c u l a t i o n s .  In the  
fo l l o w i n g ,  t h e  r e s u l t s  of  t h e s e  c a l c u l a t i o n s  w i l l  be d i s c u s s e d  with  
r e s p e c t  t o  i s o s p i n  s p l i t t i n g .  The r e s u l t s  f o r  42Ca and 44Ca w i l l  be 
co n s id e re d  f i r s t  and t h e  r e s u l t s  f o r  52Cr and 60Ni d i s c u s s e d  s e p a r a t e l y  
l a t e r ,  as  d i f f e r e n t  assum pt ions  were invo lved  in  th e  cho ices  o f  t h e  c ^ .
5 , 5 . 2 . 1  The 42Ca and 44Ca r e s u l t s
Because of  t h e  lack  o f  d a ta  on t h e  GDR of  42Ca and 44Ca, t h e  t o t a l  
ph o to n u c lea r  a b s o r p t i o n  c ro s s  s e c t i o n  o f  n a t u r a l  Ca was used f o r  t h e  a ^
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fo r  bo th  n u c l e i .  I t  was p o in te d  out in  s e c t io n  5 .3  t h a t  s in c e  n a t u r a l  
Ca i s  abou t 96% 40 Ca, th e  c a l c u l a t i o n s  assumed a s in g le  component f o r  
th e  GDR a t  20 MeV e x c i t a t i o n .  F ig u re  5 .2  shows t h a t  r e a s o n a b le  agreement 
has been o b ta in ed  between c a l c u l a t i o n  and experim en t,  a l though  in  th e  
case  o f  44Ca, th e  shape i s  no t a s  w ell  rep roduced  by th e  c a l c u l a t i o n s  as  
f o r  o th e r  n u c l e i .  I t  i s  tem p ting  t o  conclude t h a t  th e  (Y,a Q) r e s u l t s  do 
n o t  su p p o r t  th e  c o n c lu s io n s  o f  D iener e t  a l .  (Di 73) re g a rd in g  th e  Ca 
GDR. T h e ir  r e s u l t s ,  o b ta in e d  u s in g  th e  p ro to n  c a p tu re  r e a c t i o n ,  e x h ib i te d  
peaks about 3 .5  MeV w ide, c e n t re d  a t  17.4 and 20.4 MeV which were i n t e r ­
p r e te d  as  th e  T< and T> GDR r e s p e c t i v e l y .  The s e p a ra t io n  between th e  
peaks was in  agreement w ith  th e  p r e d i c t i o n s  o f  AkyUz and F a l l i e r o s  (Ak 7l) 
bu t t h e  r e l a t i v e  i n t e n s i t i e s  d id  not ag ree  w ith  th e o ry  (Go 6 7 ) .  They a l s o  
p o in te d  out t h a t  th e  peaks could  e q u a l ly  w ell be ex p la in ed  by th e  hydro- 
dynamic model. Using e q u a t io n s  1 .9  and 1.10 and th e  measured v a lu e  of 
-0 .1 9  ± 0.08 eb, f o r  th e  i n t r i n s i c  quadrupole  moment,the hydrodynamic 
model p r e d i c t s  a s p l i t t i n g  o f  3 .3  MeV compared t o  th e  observed s p l i t t i n g  
o f  3 .0  MeV. The observed r e l a t i v e  i n t e n s i t i e s  o f  1:2 a r e  a l s o  c o n s i s t e n t  
w ith  th e  hydrodynamic model. The (Y,a Q) r e s u l t s  which p la c e  th e  Ca 
GDR a t  about 20 MeV t h e r e f o r e  appear t o  suppo rt th e  hydrodynamic model 
i n t e r p r e t a t i o n  o f  th e  (p,Y) r e s u l t s ,  r a t h e r  th a n  th e  co n c lu s io n s  o f  
D iener e t  a l .  (Di 73). However b e fo re  drawing f i rm  c o n c lu s io n s  i t  i s  
im p o rtan t  to  t e s t  th e  s e n s i t i v i t y  o f  th e  H auser-Feshbach c a l c u l a t i o n s  
to  changes in  th e  p o s i t i o n ,  w id th  and s t r e n g th  o f  th e  GDR.
As an i n i t i a l  t e s t ,  th e  peak energy of 0  was moved to  h ig h e r  
and lower e n e r g ie s .  I t  was found in  th e  case  of 44Ca, t h a t  moving the  GDR 
to  a lower energy  gave much worse agreement in  shape. For th e  h ig h e r  
energy  c a s e ,  th e  shape improved but th e  a b s o lu te  c ro s s  s e c t io n  was worse. 
The c a l c u la te d  c ro s s  s e c t io n s  f o r  42Ca were l e s s  s e n s i t i v e  t o  changes in  
th e  p o s i t i o n  o f  th e  GDR. To t e s t  f u r t h e r  th e  s e n s i t i v i t y  o f  th e  c a l c u l a -  
t i o n s ,  c ro ss  s e c t io n s  were c a l c u la te d  f o r  Ca u s in g  a w ith  Lorentz
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The s t r e n g t h  was chosen such t h a t  J a ^ d E  exhausted  74% of  t h e  c . d . s .
Accord ing t o  Goulard and F a l l i e r o s  (Go 67) ,  t h i s  i s  th e  s t r e n g t h
r e q u i r e d  f o r  t h e  T< GDR i f  / ( a ( T  ) + a (T>))dE i s  t o  exhaus t  th e  c . d . s .
Cross  s e c t i o n s  were c a l c u l a t e d  wi th  r  = 3 MeV and 10 MeV f o r  E = 1 6 ,
0
18 and 20 MeV. The r e s u l t s  of  t h e s e  c a l c u l a t i o n s  a r e  compared t o  t h e  
44Ca expe r im en ta l  r e s u l t s  in  f i g u r e  5 .3 .
I t  can be seen t h a t  t h e  c a l c u l a t e d  c r o s s  s e c t i o n s  a r e  q u i t e  
s e n s i t i v e  t o  th e  p o s i t i o n  of  t h e  GDR i f  t h e  wid th  i s  not  t o o  l a r g e .
This  i s  t o  be expec ted s in c e  a v e ry  broad  re sonance  does not  have a w e l l -  
d e f in e d  peak energy.  By v a ry in g  V and EQ w i th  t h e  same f i x e d  a Q, i t  
was found t h a t  v e ry  good agreement cou ld  be o b ta ined  f o r  r  = 10 MeV and 
E = 17 MeV, as  can be seen from f i g u r e  5 .4 .  Th is  v a l u e  of  EQ i s  
app ro x im a te ly  t h e  energy expec ted  f o r  t h e  ^  GDR of  44Ca a l th o u g h  th e  
wid th  a p p e a r s  r a t h e r  to o  l a r g e .  Although t h e  s y s t e m a t i c s  in  f i g u r e  1.2 
sugges t  a T ^ 6 MeV, ( e , e ' )  measurements (To 73) show a very  broad  
r e s o n a n c e 'v  10 MeV wide.
F ig u re  5 .4  shows t h e  r e s u l t s  of  a s i m i l a r  c a l c u l a t i o n  f o r  42Ca.
The i n t e g r a t e d  c r o s s  s e c t i o n  in  t h i s  case  had t o  exhaus t  54% of t h e  c . d . s .  
t o  have t h e  c o r r e c t  s t r e n g t h  f o r  th e  T GDR. The v a l u e s  o f  r = 7 MeV and 
E = 17 MeV gave good agreement.  Th is  energy i s  c l o s e  t o  th e  energy o f  
17.4 MeV sugges ted  by Diener  e t  a l .  (Di 73) f o r  T^ GDR energy ,  a l though  
t h e  wid th  i s  much g r e a t e r .
The (y ,a  ) r e s u l t s  u s ing  a Lorentz l i n e s h a p e  f o r  t h e r e f o r e  
suppor t  t h e  c o n c lu s io n s  o f  Diener e t  a l .  (Di 73), whereas u s ing  th e  n a t u r a l  Ca 
th ey  were in  c o n f l i c t  w i th  h i s  c o n c lu s io n s  and favoured  t h e  hydrodynamic 
model i n t e r p r e t a t i o n .  A p e s s i m i s t i c  view i s  t h a t  t h e  ( y , a Q) r e s u l t s  f o r
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F ig u re  5 .3 .  Comparison o f  t h e  44C a (y ,a 0) 40Ar ex p er im en ta l  c ro s s
s e c t io n s  t o  c ro s s  s e c t io n s  c a l c u l a t e d  u s in g  a Lorentz  
shaped o ^  w ith  th e  v a lu e s  o f  r  and in d i c a te d  in  
th e  f i g u r e .
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Figu re  5
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4. The 44C a ( y , a Q) 40Ar and 42C a ( y , a Q) 30Ar expe r im en ta l  c ro s s
s e c t i o n s  compared t o  t h e  b e s t  f i t s  o b ta in e d  u s in g  a
Lorentz shaped c r ^ .  For 42Ca, T = 7 MeV and = 17 MeV,
and f o r  44Ca T = 10 MeV and E =x 17 MeV.
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these nuclei provide no evidence either for or against isospin splitting 
of the GDR. However the results in figure 5.3 show that the calculations 
in the case of 44Ca are quite sensitive to the position and width of the 
GDR. Therefore an optimistic view would be that the better agreement in 
shape obtained for 44Ca and 42Ca using the Lorentz shaped a^jcan be 
taken to imply that the GDR for 44Ca and 42Ca are located at about 
17 MeV. The T^ GDR of Diener et al. (Di 71) therefore coincides with 
the T^ GDR observed using (y,aQ) reaction. However it is not possible 
to show whether the (y,aQ) excitation functions possess a peak at the T^ 
GDR energy since the cross sections at higher excitation cannot be 
reliably estimated. The support which the (y,aQ) results provide to the 
conclusions of Diener et al. (Di 73) is therefore very weak. Also the 
(y,aQ) results cannot rule out the hydrodynamic model interpretation of 
the 41K(p,yQ)42Ca data. This is because the GDR in both the hydrodynamic 
and isospin splitting models consists of two Lorentz curves which are 
separated by about 3 MeV. The relative intensities of the two components 
are 1:1 on the isospin splitting model and 1:2 on the hydrodynamic model. 
The (a,y) cross sections cannot be estimated at the upper peak due to 
the inaccuracies of the level density formulae. The gamma-ray strength 
at the lower peak is in good agreement with the isospin splitting model 
but the errors in the absolute scale of the calculated and measured cross 
sections are such that gamma-ray strength is also consistent with the 
hydrodynamic model. Therefore the (y,aQ) results cannot be used to choose 
between either of the two interpretations of the (p,y ) data.
5.5.2.2 The 52Cr and 6QNi results
The 59Co(p,yQ)60Ni excitation function (Di 71) exhibited peaks 
approximately 3.5 MeV wide at 16.6 and 19.6 MeV which were identified as 
the T< and T^ GDR. The (y,n) data of Min and White (Mi 68) supported these
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assignments showing a peak at 16.6 MeV but not at 19.6 MeV. However 
later (7 ,11) data (Be 73, Go 70, Ow 70) showed a much broader peak 
centred at 17.4 MeV with a large cross section of 55 mb at 19.6 MeV 
compared to 70 mb at the peak. These latter results appeared to 
contradict isospin assignments of Diener et al. (Di 71). Unfortunately 
the (y,^) results cannot clarify this situation. Although reasonable 
agreement was obtained in shape and absolute magnitude between the 
calculated and measured excitation functions in the region of the peak, 
it was not possible to estimate accurately the cross sections above 
about 18 MeV excitation. As a result, the (y,aQ) cross sections do not 
allow the gamma-ray strength at the GDR energy to be obtained. It
is therefore not possible to provide evidence for or against isospin 
splitting of the 60Ni GDR.
Nothing is known about the location of the GDR of 52Cr but it 
is expected that similar conclusions would hold for this nucleus.
5.5.2.3 Conclusions
The (y,aQ) reaction has proved to be a rather disappointing tool 
and not well suited to the investigation of the isospin splitting of the 
GDR. This is due entirely to the difficulties in estimating the cross 
sections at energies for which the level density formulae must be used.
It was therefore not possible to establish that the proposed T^ GDR was 
not excited.
Although the (y,a0) results have failed to provide conclusive 
evidence for isospin splitting, the weight of evidence which has accumulated 
while these measurements were in progress now strongly supports the 
hypothesis that the GDR is split into two isospin components. Much of 
this evidence was discussed in a review paper by Paul (Pa 73). Other 
more recent evidence came from a comparison by Clarke et al. (Cl 73) of
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the more important decay channels of the 6LfZn GDR. The (y,n) data 
(Ow 68) showed a broad peak centred at 17 MeV whereas the (Y,p) data
(Cl 75) showeda peak at 16 MeV and a much stronger peak at 19 MeV. This 
was the behaviour expected if the peaks are due to the T< and T GDR 
as discussed in chapter 1. Further evidence came from a survey of the 
Ge isotopes by (McCa73) using the (y,np) reaction. The results showed 
the 72Ge(y,np) cross section enhanced at the T> GDR energy. It therefore 
appears to be quite firmly established that the GDR for N f Z nuclei is 
split into isospin components.
5.5.4 Other Conclusions
In the discussion of the angular distributions it was noted 
that the ratio of 3 to 1 states excited by the 40Ar(a,y1)44Ca and 
56Fe(a,y )60Ni reactions increased with excitation energy. This can be 
explained by the increase in the ratio of the 3 to 1 transmission 
coefficients over the energy range for which the angular distributions 
were measured.
It was noted in section 3.2.2 in the case of the 56Fe(a,y^)50Ni 
reaction that the intensity ratio for 3 -> 2+ and 1 -> 0+ transitions
is approximately 0.7. The Hauser-Feshbach calculations show that the 
mean value of Ta /^T is 1.08 times the ratio for 1 states. It follows 
therefore, that the total gamma-ray strength for the 3 2 transitions
is 0.67 of that for the 1 ->■ 0+ transition, suggesting that the T< GDR 
built on the first excited state (which can have J = 1 , 2 , 3  components) 
is largely 3 in nature.
5.6 SUMMARY
This systematic study of the (a,y) reaction has yielded the
following results:
(i) The (a,y) reaction excites the GDR.
(ii) The reaction proceeds mainly through the compound nucleus 
in a statistical manner.
(iii) Hauser-Feshbach calculations can provide reasonable estimates 
of the cross sections.
(iv) There may be a small semi-direct contribution to the cross 
section which cannot be estimated accurately since the compound 
nucleus cross section is uncertain at high excitation.
(v) The cross section for the N = Z nuclei is inhibited by a 
factor of 5 due to the isospin selection rule.
(vi) The results for the N ^ Z nuclei do not disagree with the 
conclusions of (Di 71, Di 73, Pa 71) that the GDR is 
split into T^ and T^ components, but cannot provide any 
conclusive evidence since it is not possible to calculate 
the (a,y) cross sections accurately above ^ 18 MeV
excitation.
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CHAPTER 6
ALPHA CAPTURE TO THE GIANT QUADRUPOLE RESONANCE 
6.1 INTRODUCTION
It is well known that the bound state transitions for all multi­
polarities only exhaust a small fraction of the isoscalar energy weighted 
sum rule (EWSR). Table 6.1 gives examples of the multipole strengths 
found in the bound states of 40Ca and 208Pb.
TABLE 6.1
Fractions of the EWSR exhausted by the isoscalar 
multipole strengths found in bound states of 40Ca 
and 208Pb (Le 73)
'"'"-jmltipole
0 1 2 3nucleus
40Ca 0% = 0% 14% 38%
208Pb 0% = 0% 16% 47%
The table shows that approximately 86% of the quadrupole transition 
strength is associated with states located in the continuum. It has 
been of considerable interest for a long time to discover whether the 
missing quadrupole strength is sufficiently well localized to produce 
a giant quadrupole resonance (GQR) similar to the giant dipole resonance 
(GDR). The hydrodynamic model has predicted that the GQR should have an 
energy 1.6 times the GDR energy (Ei 70) and (p,y) measurements have shown 
quadrupole strength in this region of excitation. However, other 
evidence has pointed to a GQR 2-3 MeV below the GDR energy (To 73).
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0. 2 EXPERI MENTAL EVIDENCE FOR A GQR
6.2.1 F.viJcncc from Inelastic Scattering Measurements
Tyren and Maris (Ty 57) observed a broad resonance in spectra of 
182 MeV protons inelastically scattered from light and medium mass nuclei. 
They suggested that this was due to excitation of a GDR resonance. However, 
later photonuclear measurements showed the peak energies to be in poor 
agreement with the actual GDR energy. This discrepancy was recently 
explained by Lewis (Le 72a) who reanalyzed the data by fitting the shapes 
of the (p,p?) spectra measured at difference angles with three resonances. 
From the angular distributions, Lewis concluded that a GQR and giant 
octupole resonance (GOR), were excited in addition to the GDR. His fits 
indicated the energy of the GDR to be 20 MeV, the energy observed in photo- 
nuclear reactions. The energy of the GQR was 3 MeV lower at 17 MeV 
excitation and had a strength that exhausted about 72% of the EWSR. In 
the case of the GOR the energy was 13.5 MeV with a strength that was 24% 
of the EWSR. Similar results were obtained using the 27A1, 54Fe,
120Sn and 209Bi (p,p') reactions at 62 MeV (Le 72b). Further evidence in 
support of the results of Lewis comes from the recent inelastic electron 
scattering measurements by Torizuka et al. (To 73). A broad peak was 
observed in the (e,e') spectra at energies corresponding to 10-30 MeV 
excitation in 44Ca, 56Fe,90Zr and 208Pb. The peak was interpreted in 
terms of a GDR and either a GQR or giant monopole resonance. Assuming 
a GQR, it was deduced that the fraction of the EWSR exhausted by the 
resonance was 148% for 4t+Ca, 80% for 58Fe and 52% for 90Zr. Other electron 
scattering measurements have shown similar results (Pi 72). Inelastic 
alpha particle scattering also shows some evidence for a GQR (Le 73).
6.2.2 Evidence from Capture Reactions
Recently it was pointed out by Branford (Br 73b)that the E2
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gamma-ray t r a n s i t i o n  s t r e n g t h  observed by Watson e t  a l .(W a 73) in  th e
3GA r(a ,y  ) 40Ca r e a c t i o n  in  th e  r e g io n  o f  14 MeV e x c i t a t i o n  exhausted  
0
20% o f  th e  energy w eighted sum r u l e .  S ince i t  was u n l i k e ly  t h a t
r a = r t o t a l  f o r  th e s e  s t a t e s ,  th e  E2 gamma-ray t r a n s i t i o n  s t r e n g t h
was undoub ted ly  much l a r g e r .  Branford t h e r e f o r e  concluded t h a t  a
p l a u s i b l e  e x p la n a t io n  o f  th e s e  r e s u l t s  was t h a t  th e  GQR was e x c i t e d .
However o th e r  a t te m p ts  by Hanna e t  a l .  (Ha 73a) u s in g  th e  89Y(p,y ) 90Zr
0
r e a c t i o n  and V entura e t  a l .  (Ve 73) u s in g  th e  20N e(a,y  ) 24Mg r e a c t i o n
0
showed t h a t  th e  E2 gamma-ray t r a n s i t i o n  s t r e n g th  was sm all .
Angular d i s t r i b u t i o n s  have been measured f o r  th e  24Mg(a,y ) 28Si
0
r e a c t i o n  by M eyer-Schu tzm eis te r  e t  a l .  (Me 68) but were no t e x p l i c i t l y  
ana lyzed  in  term s o f  El and E2 gamma-ray t r a n s i t i o n  s t r e n g t h s .  However 
Legendre Polynomial f i t s  to  th e  d i s t r i b u t i o n s  showed n e g a t iv e  A4 c o ­
e f f i c i e n t s ,  i n d i c a t i n g  th e  p re se n c e  o f  an E2 component. To d e te rm in e  
e x p l i c i t l y  th e  s t r e n g th  o f  th e  El and E2 m u l t i p o l a r i t i e s  th e  p u b l i sh e d  
d i s t r i b u t i o n s  were re a n a ly z e d  u s in g  eq u a t io n  3 .7 .  The r e s u l t s  o f  t h i s  
a n a ly s i s  showed E2 s t r e n g t h  over th e  whole r e g io n  o f  e x c i t a t i o n  f o r  which 
a n g u la r  d i s t r i b u t i o n s  were measured. The energy  w eighted in t e g r a t e d  
c ro s s  s e c t io n s  exhausted  12% o f  th e  EWSR s u g g e s t in g  t h a t  th e  E2 s t r e n g t h  
was a s s o c ia t e d  w ith  th e  GQR.
The a lpha  c a p tu r e  r e a c t io n s  d e s c r ib e d  in  C hap te rs  2-5 showed t h a t
E2 r a d i a t i o n  was e v id en t  a l th o u g h  th e  i n t e n s i t y  was no t w e ll  de term ined
because of th e  dominant El c o n t r i b u t i o n  to  th e  c ro s s  s e c t i o n .  In th e
case  o f  th e  38A r(a ,y  ) 42Ca r e a c t i o n ,  th e  i n t e g r a t e d  E2 s t r e n g t h  was
0
s im i la r  to  t h a t  observed  f o r  38A r(a ,y  ) 40Ca im plying t h a t  th e  GQR was
0
a l s o  e x c i te d  by t h i s  r e a c t i o n .
The a lp h a  c a p tu re  r e a c t i o n  has t h e r e f o r e  proved i t s e l f  to  be a 
s e n s i t i v e  probe o f  E2 s t r e n g t h .  This  i s  due to  th e  f a c t  t h a t  th e  El 
and E2 c o n t r i b u t i o n s  t o  th e  c ro s s  s e c t io n  can be de term ined  unambiguously 
from a n g u la r  d i s t r i b u t i o n  m easurements. T h is  s e n s i t i v i t y  i s  enhanced i f
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measurements a r c  performed on s e l f - c o n j u g a te  n u c l e i  f o r  which th e  (a ,y  )
0
r e a c t i o n  through 1 s t a t e s  i s  i s o s p in  fo rb id d e n ,  th u s  red u c in g  th e  El 
com ponent.
The H auser-Feshbach c a l c u l a t i o n s  in  Chapter 5 show t h a t  th e
d eg ree  o f  i s o s p in  mixing in  32S a t  12-18 MeV e x c i t a t i o n  energy  was l e s s
th a n  t h a t  in  40Ca and in  28S i .  The 28S i ( a ,y  ) 32S r e a c t i o n  th e r e f o r e
0
a p p ea rs  to  be s u i t a b l e  f o r  o b s e rv a t io n  o f  th e  GQR s in c e  th e  E2 gamma-ray 
t r a n s i t i o n  s t r e n g t h  should  be a re a s o n a b ly  la rg e  f r a c t i o n  o f  th e  t o t a l .
To t e s t  t h i s  argum ent, a n g u la r  d i s t r i b u t i o n s  were measured f o r  t h i s  
r e a c t i o n  as  d e s c r ib e d  in  th e  fo l lo w in g  s e c t io n .
6 .5  EXPERIMENTAL METHOD
Angular d i s t r i b u t i o n s  were measured f o r  th e  28S i ( a , y ) 32S r e a c t i o n
a t  12 a lp h a  p a r t i c l e  bombarding e n e rg ie s  in  th e  energy range  6 -11 .5  MeV.
The t a r g e t s ,  which were p laced  a t  45° to  beam d i r e c t i o n ,  were 400 ± 20 
2 2ygm/cmz and 570 ± 30 ygm/eni f i lm s  o f  99% e n r ic h ed  28SiO evapo ra ted  on to
1/2 mm th i c k  gold b a c k in g s .  The t a r g e t  t h i c k n e s s e s ,  which were determ ined
as  d e s c r ib e d  in  s e c t i o n  2 . 5 .2 ,  produced an average  energy lo s s  of
^  400 keV. The gamma r a y s  were d e te c te d  by th e  Nal s p e c tro m e te r  d e s c r ib e d
in  Chapter 2, u s in g  c o l l im a to r  1 w ith  th e  f r o n t  fa c e  o f  th e  c r y s t a l  54 ems
from th e  t a r g e t .  In a t y p i c a l  run  1500 yC o f  charge  was c o l l e c t e d .  S ince
th e  f i r s t  e x c i te d  s t a t e  o f  32S l i e s  2 .24 MeV above th e  ground s t a t e  and
y was th e r e f o r e  w e ll  r e s o lv e d ,  i t  was u n n ece ssa ry  to  use  th e  l in e s h a p eo
f i t t i n g  p rocedu re  d e s c r ib e d  in  s e c t io n  2 .9 .  I n s te a d ,  th e  y i e ld  was d e ­
te rm ined  by summing over th e  photopeak and s u b t r a c t in g  a f l a t  background
determ ined  from th e  number o f  coun ts  p e r  channe l above th e  y peak. The
0
y ie ld  a t  0° ,  30° and 55° was c o r r e c t e d  by app ro x im ate ly  7% f o r  a b s o rp t io n  
in  th e  gold  b ack in g .  The d i f f e r e n t i a l  c ro s s  s e c t io n s  were c a l c u la te d
as  d e sc r ib e d  in  s e c t io n  2 .10 .
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The results of the angular distribution measurements are plotted 
in figure 6.1 and show that there is a significant E2 contribution to 
the cross sections. The angular distributions measured at 6.7 and 7.21 
MeV are particularly noteworthy since they show predominantly E2 dis­
tributions .
6.4 THE CROSS SECTION FOR EXCITING E2 RADIATION
The intensities for El radiation (c^) and E2 radiation (o2) 
were determined by fitting the angular distributions with the equation 
3.7, as described in section 3.2.1. The fitted angular distributions 
are shown as the continuous lines in figure 6.1. The cross sections a 
and o2 and the interference angle e are plotted as a function of energy 
in figure 6.2.
Figure 6.2 shows that below 15 MeV excitation a2 is almost con­
stant with an average value which is approximately 20% of the total cross 
section. Above 15 MeV excitation energy a 2 is very small. A plausible 
explanation of the fact that the values of 9 are all approximately 90° 
is given in section 3.2.1, that is, since many levels are excited in the 
interval corresponding to the target thickness of approximately 400 keV, 
the interference terms probably cancel to zero which implies 012 = 90°.
In figure 6.3 the (a,yQ)cross section resulting in E2 radiation 
from the residual nucleus 32S are compared to those for 40Ca (Wa 73) and 
to those for 28Si. These latter cross sections were obtained from the 
data of Meyer-Schutzmeister et al. (Me 68) as described earlier. For 
reasons discussed later, the energy of the GQR for these nuclei is 
expected to be approximately 17 MeV. However figure 6.3 shows that most 
of the E2 gamma-ray transition strength lies below this energy. This 
could be taken to imply that the GQR is not excited but this seems unlikely 
since table 6.2 shows that the energy weighted integrated cross sections,
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F ig u re  6 .1 .  Angular  d i s t r i b u t i o n s  measured f o r  t h e  28S i ( a , y  ) 32S
r e a c t i o n  f o r  a lp h a  p a r t i c l e  bombarding e n e rg i e s  i n d i c a t e d .  
The con t inuous  l i n e s  a r e  t h e  f i t s  t o  d i s t r i b u t i o n s  us ing  
e q u a t io n  3 .7 .  The v e r t i c a l  b a r s  r e p r e s e n t  th e  r e l a t i v e  
s t a t i s t i c a l  e r r o r s .  The e r r o r  in  a b s o l u t e  s c a l e  i s  ± 32%.
EXCITATION ENERGY (MeV)
■— <^ >— >>— — I
ALPHA ENERGY (MeV)
Figu re  6 .2  The 28Si(ct ,y ) 32S a b s o l u t e  c r o s s  s e c t i o n s  fo r  El and E2
0
r a d i a t i o n  and t h e  i n t e r f e r e n c e  ang le  0 p l o t t e d  as  a f u n c t i o n
of  e x c i t a t i o n  energy.  The v e r t i c a l  b a r s  r e p r e s e n t  r e l a t i v e  
s t a t i s t i c a l  e r r o r s .  The h o r i z o n t a l  l i n e s  i n d i c a t e  t h e  energy 
lo s s  in t h e  t a r g e t .  The e r r o r  in  a b s o l u t e  s c a l e  i s  ± 32%.
F igu re  6 .3 .  Cross s e c t i o n s  f o r  E2 r a d i a t i o n  o b ta in ed  from th e  (a ,y  )
0
r e a c t i o n  and in v e r t e d  u s in g  t h e  p r i n c i p l e  of  d e t a i l e d  
b a l a n c e .  The 28S i ( y , a  ) 24Mg d a t a  p o i n t s  w i th  b a r s  a r e  from 
t h e  p r e s e n t  work. The o th e r  28Si ( y , ^ )  2t+Mg d a t a  were c a l ­
c u l a t e d  from a n g u la r  d i s t r i b u t i o n s  measured by Meyer-
S chu tzm eis t e r  e t  a l .  (Me 68) .  The Lf0C a(y ,a  ) 38Ar d a t a  a r e
0
taken  from Watson e t  a l .  (Wa 73) .  The a b s o l u t e  e r r o r  in  
s c a l e  i s  ± 32%. The broken cu rves  a r e  c a l c u l a t e d  c ro s s  
s e c t i o n s  u s ing  a gamma-ray s t r e n g t h  t h a t  exhaus t s  100% of
th e  EWSR.
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jo/E2dE exhaust a large fraction of the EWSR. Moreover since it is
probable that r << r, the fraction is almost certainly much larger.
a o
TABLE 6.2
Minimum fractions of EWSR exhausted by 
2+ levels excited by the (a,yQ) reaction
Nucleus 28Si : 32S  ^°Ca
Jo/E2dE
EWSR 12% ; 17%1 20%
In chapter 3 it was observed that the (a,yQ) cross sections leading 
to El radiation were concentrated below the GDR energy, which is similar 
to behaviour observed here for the E2 radiation. Since Hauser-Feshbach 
calculations successfully explained this behaviour in the case of the 
El cross sections, similar calculations were made to estimate the cross 
sections for the (a,y ) reaction proceeding through 2+ levels as follows.
6.5 HAUSER-FESHBACH CALCULATIONS OF THE CROSS SECTIONS FOR EXCITING
2 LEVELS
The fy,a ) cross section for exciting 2 states is given by an
expression analogous to equation 5.3.
a(y,a ) 0
TaCNC2b
CN p
where 0 ^ ( 2  ) is the total absorption cross section for isoscalar quadru-
pole radiation. The transmission coefficients Ta and T. were calculated
0 1
as described in section 5.4.
The absorption cross sections were chosen to be consistent with
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the available data on the GQR. The data from inelastic proton and
electron scattering for nuclei between mass 40 and 208 suggest that the
_ U
energy of the GQR is given by 'v 60A (To 73) . This is in good 
agreement with theoretical estimates by Mottleson (Mo 70). The assump­
tions involved in the theoretical calculation of the GDR energy (E^ ) 
and the GQR energy (E ) are similar. Lewis and Bertrand (Le 72b), there­
fore suggested that the difference in the energies E^ - E^ should vary 
systematically with mass number, and may provide a better guide to E^. 
Their results and those of Torizuka (To 73) indicate that the GQR lies 
2-3 MeV below the GDR. For the case of 40Ca, the energy of the GQR is 
17 MeV, 3 MeV below the GDR energy. Assuming this to be the case for 
32S and 28Si the GQR energy for these nuclei should be 17 MeV, since the 
GDR energies for both nuclei are approximately 20 MeV.
Little is known about the width or shape of the GQR. As a result, 
the shape of ö^ ( 2+) was assumed to be a Lorentzian,
ctc n 2^ ^
a0 E2r2
(e2-e 2)2 + e2f2
with a width r = 4 MeV, the width observed for 40Ca by Lewis (Le 72a).
The strength of the GQR was chosen to exhaust the EWSR. This is 
a compromise between the values of 72% observed by Lewis (Le 72a) in 
(p,p’) scattering a 40Ca and 148% observed by Torizuka (To 73) in (e,e') 
scattering from 44Ca. The results of these calculations are shown as 
the dashed lines in figure 6.3.
6.6 DISCUSSION OF THE RESULTS OF THE HAUSER-FESHBACH CALCULATIONS
The results for the 40Ca(a,y )36Ar reaction show that the absolute0
magnitude and shape of the calculated cross sections are in good agreement 
with experiment. This supports the conclusions of Branford (Br 73b) that
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t h e  \V2 t r i m s  i t  ion s t r e n g t h  observed in t h i s  r e a c t i o n  i s  due t o  e x c i t i n g  
t h e  GQR.
In c o n t r a s t ,  t h e  32S ( y , a  ) 28Si r e s u l t s  a r e  d i s a p p o i n t i n g .  Both
0
t h e  a b s o l u t e  magnitude and shape o f  th e  c a l c u l a t e d  c r o s s  s e c t i o n s  a r e  
in  poor agreement w i th  exper iment .  I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  t h e  
agreement can be improved by moving t h e  GQR t o  14 MeV e x c i t a t i o n .  However 
i t  seems u n l i k e l y  t h a t  t h e  32S GQR i s  so low in  energy as bo th  t h e  GQR 
o f  40Ca and o f  28Si have an energy c l o s e  t o  17 MeV, as  w i l l  be shown s h o r t l y .  
The f a i l u r e  o f  th e  c a l c u l a t i o n s  t o  rep roduce  th e  d e t a i l e d  shape of  t h e  
measured E2 s t r e n g t h  i s  no t  s u r p r i s i n g  s in c e  i t  was assumed t h a t  a£ ^ (2 +) 
v a r i e d  smoothly with  energy whereas t h e  GQR p ro b ab ly  p o s s e s s e s  i n t e r ­
m ed ia te  s t r u c t u r e  s i m i l a r  t o  t h a t  observed  in  th e  32S GDR. However even 
i f  t h i s  i s  t a k e n  i n t o  c o n s i d e r a t i o n ,  t h e  c a l c u l a t i o n s  s t i l l  do not  account  
s a t i s f a c t o r i l y  f o r  t h e  shape o f  t h e  average  c r o s s  s e c t i o n s .
The 28S i ( y , a  ) 24Mg r e s u l t s  were d i f f i c u l t  t o  compare t o  t h e  c a l c u l a t e d  
0
c r o s s  s e c t i o n s  because  a n g u l a r  d i s t r i b u t i o n s  had no t  been measured by 
M eyer-Schu tzm eis te r  e t  a l .  (Me 68) th roughou t  t h e  e n t i r e  energy  r e g i o n .
In p a r t i c u l a r  t h e r e  was a gap a t  = 7-8 MeV which c o r re sponds  t o  th e  
peak energy o f  t h e  c a l c u l a t e d  E2 c r o s s  s e c t i o n s .  Th is  r e g i o n  i s  a l s o  
p a r t i c u l a r l y  f a v o u r a b l e  f o r  t h e  o b s e r v a t i o n  of  E2 s t r e n g t h  as t h e  90°
( a ,y  ) e x c i t a t i o n  f u n c t i o n  shows a v e r y  small  c r o s s  s e c t i o n  i n d i c a t i n g
0
small  El i n t e n s i t i e s .  As a r e s u l t ,  a n g u la r  d i s t r i b u t i o n s  were measured
f o r  the  24Mg(a,y ) 28Si r e a c t i o n  over t h i s  energy  r e g i o n  u s in g  a 
0
200 ygm/cm^ en r iched  24Mg t a r g e t  evapora ted  on to  a 1/2 mm t h i c k  gold 
back ing .  Other e n e r g i e s  f o r  which t h e  e x c i t a t i o n  f u n c t i o n  shows a smal l  
El i n t e n s i t y  a r e  p r e s e n t l y  be ing  i n v e s t i g a t e d .  P r e l i m in a ry  r e s u l t s  o f  
t h e s e  measurements a r e  shown in  f i g u r e  6 .4 .
I t  can be seen  t h a t  a l l  bu t  one o f  t h e  a n g u la r  d i s t r i b u t i o n s  
show s i g n i f i c a n t  E2 s t r e n g t h s .  The unusual  f e a t u r e  o f  28Si r e s u l t s  i s  
t h e  l a rg e  asymmetry about  90®. A p o s s i b l e  e x p l a n a t i o n  i s  t h a t
(JS/qrf) up/,op
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th e  t a r g e t  th i c k n e s s  100 kcV) was i n s u f f i c i e n t  t o  average over 
f l u c t u a t i o n s  (f ^  SO kcV), which might r e s u l t  in  a coherence  o f  phase 
c o n s i s t a n t  w ith  asymmetric d i s t r i b u t i o n s .  However, t h i s  does not 
e x p la in  why th e  i n t e r f e r e n c e  produces  a backward peak in  a l l  o f  th e  
d i s t r i b u t i o n s  t h a t  show a s i g n i f i c a n t  E2 i n t e n s i t y .
The c ro s s  s e c t i o n s  a and a 2 were de te rm ined  as f o r  32S and th e  
r e s u l t s  f o r  o 2 a r e  shown in  f i g u r e  6 .3 (a )  a s  d a t a  p o in t s  w ith  e r r o r  b a r s .  
The shape o f  th e  average  c ro s s  s e c t io n  f o r  28Si i s  in  re a s o n a b le  agreement 
w ith  th e  averaged d a t a  bu t th e  a b s o lu te  v a lu e  i s  to o  la rg e .  The agreement 
can be improved by making th e  re so n an ce  ap p ro x im ate ly  tw ic e  as  wide.
Again th e  E2 s t r e n g th  ap p e a rs  to  show in te rm e d ia te  s t r u c t u r e  which was 
not ta k en  in t o  account by th e  c a l c u l a t i o n s .  The 28Si r e s u l t s  t h e r e f o r e  
sugges t t h a t  th e  GQR has  an energy  o f  about 17 MeV, a w id th  o f  a p p ro x i ­
m a te ly  8 MeV and a s t r e n g t h  t h a t  ap p ro x im a te ly  ex h au s ts  th e  EWSR.
In summary, th e  fo l lo w in g  c o n c lu s io n s  may be drawn;
( i )  The ( a , y Q) r e a c t i o n  e x c i t e s  a GQR lo c a te d  ap p ro x im ate ly  3 MeV 
below th e  GDR.
( i i )  H auser-Feshbach c a l c u l a t i o n s  g e n e r a l ly  p ro v id e  a r e a s o n a b le  
e s t im a te  o f  th e  c ro s s  s e c t io n s  s u g g e s t in g  t h a t  th e  r e a c t i o n  
p roceeds  th rough  th e  compound n u c leu s  in  a s t a t i s t i c a l  
manner. The e x ce p t io n  i s  th e  32S (a ,y  ) 28Si r e s u l t .
( i i i )  The s t r e n g th  o f  th e  g ia n t  quadrupo le  re so n an ce  ap p ro x im a te ly  
e x h au s ts  th e  energy  w eighted sum r u l e .
( iv )  The w idth  o f  th e  re so n an ce  appea rs  t o  be about 4 MeV in  
40Ca and c l o s e r  to  8 MeV in  28S i .
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APPENDIX A
THE HAUSER-FESHBACH FORMULA (Ha 52)
The Hauser-Feshbach formula is frequently used to predict the 
average cross sections for reactions proceeding through the compound 
nucleus. This formula can be derived by making the following 
assumptions (Vo 64, Vo 68);
(i) Since the total angular momentum J and parity tt should 
be conserved, the average cross section from an
incoming channel C, to an outgoing channel C  can be 
decomposed into contributions from separate J, tt; 
that is
aCC' IJ tt — J itaCC' A. 1
(ii) Using Bohr’s assumption that the formation and decay of
the compound nucleus are independent processes, each 
— J tt , can be factorized to give;
— J tt 
aCC'
— J tt
aCN (C) l gJ7TC” C”
A.2
The first term is the cross section for the formation of 
the compound nucleus, and the second a branching ratio 
which gives the probability that the compound nucleus will 
decay by channel C .  The sum over CM is taken over all 
pairs of energetically allowed reaction products.
(iii) The decay of the compound nucleus into the channels C"
can be related to the cross section for formation of the
102 .
compound n u c le u s  by using the R ec ip roc ity  Theorem,
w here
v 2 —J tt 
KC gC a CC
J  J tt 
8C  aC’C
_L = C2J+1)
J (21 + 1) (2 i + l)
gC
A .3
The k, I, i  are the wave number, ta r g e t  spin and p r o j e c t i l e  
spin  r e s p e c t iv e ly .
Comparing A .2 with A.3 g iv e s
n i J  —J tt
GC “ kc gC °CN A*
For each channel, the absorption  cross  s e c t io n  cr^ i s  equal to  the  
absorption  cro ss  s e c t io n  o f  the o p t ic a l  model p o te n t ia l  fo r  that  
channel (Vo 68); that i s
where
c>c (abs) T I T  I b  ^
V  J tt g i  s i
J it
—J tt
gcn
T,  (C) 1 - 2i<5*1
A .5
The Tp (C) and the 5  ^ are the o p t ic a l  model tran sm ission  c o e f f i c i e n t s  
and complex phase s h i f t s  r e s p e c t iv e ly .  The o p t ic a l  model parameters 
used in the c a lc u la t io n  o f  th e  transm ission  c o e f f i c i e n t s  are g iven  in  
Table A. l .
A comparison o f  A .4 and A .5 g iv e s
—J tt fn A 
°CN (C) . 2 J „
kc gc s*
I T£ (C) A.6
I b  (C) A .7
and th ere fo re
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It follows that
l Tr ,(C)
s'«.
I Gr„ l T.„(C)
A.8
s"i"
Substituting A.6, A.8 and A.2 into A.l leads to the Hauser-Feshbach 
expression for the reaction cross section
(21+1)(2i+l) (2J+1)
y t  y tLn si , s'V si s'i'
l T ,
s"i"
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TABLH A.1
The optical model parameters used to calculate the 
transmission coefficients for alpha particles, 
neutrons and protons
4Paramet er
Alpha 
(Bo 67) Neutron (Pe 63) Proton (Wi 64)
V 184 47.01 - 0.267E
- 0.0018E2
-4
53.3 - 0.55E + 27 (N-Z)/A 
- 0.4Z/AV3
rr 1.4 1.322 - 7.6A x io + 4A2 x io_b
1.25
a 0.56 0.66 0.65r
W 26.6 0 0
WD 0 9.52 - 0.053E 13.5
r.l
1
!
1.4 1.266 - 3.7A x io"4 
+ 2A2 x 10"6 
- 4A3 x io-9
1.25
i a i 0.56 0.48 0.47
1 v 0 7.2 7.5so 1
r 0 1.25 1.25so
aso 0 0.66 0.47
t The parameters are defined in chapter 5.
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APPENDIX B
THE LEVEL DENSITY FORMULA
The H a u s e r - F e s h b a c h  c a l c u l a t i o n s  d e s c r i b e d  i n  C h a p te r  5 used 
t h e  l e v e l  d e n s i t y  f o r m u la  o f  G i l b e r t  and  Cameron (Gi 65) t o  e s t i m a t e  
t h e  unknown l e v e l s  i n  t h e  r e s i d u a l  n u c l e i  t h r o u g h  which t h e  compound 
n u c l e u s  c o u l d  d e c ay .  T h e i r  f o rm u la  i s  a c o m p o s i t e  o f  two f o r m u la e .
At e x c i t a t i o n  e n e r g i e s  E, l e s s  t h a n  an e n e rg y  E , t h e  fo rm u la  
h a s  a p u r e l y  e m p i r i c a l  b a s i s  (Er  59) and assumes  a c o n s t a n t  n u c l e a r  
t e m p e r a t u r e  ( T ) . The l e v e l  d e n s i t y  i s  g i v e n  by
where
p ( E , J )  = ^ e x p  [ ( E - E q) / T ] P i (J)
P l (J) (2J+1) exp
- J  (J + l )  
2a 2
At h ig h  e x c i t a t i o n  e n e r g i e s  f o r  which U ^ E , t h e  l e v e l  d e n s i t y  
f o rm u la  i s  d e r i v e d  assum ing  a Fermi g a s  model f o r  t h e  n u c l e u s  (Er 6 0 ) .  
The e x p r e s s i o n  o b t a i n e d  i s
where
p ( E , J )
1
12/2
exp [2 /aU l
p i ( J )a a H U H
U = E-P(Z) - P(N) (MeV).
The P(N),  P(Z) a r e  t h e  p a i r i n g  c o r r e c t i o n s  t o  t h e  e x c i t a t i o n  e ne rgy  
f o r  n e u t r o n s  and p r o t o n s  r e s p e c t i v e l y ,  t a b u l a t e d  i n  (Gi 6 5 ) .
S in c e  £p ( J)  = 1, p ^ J )  d e t e r m i n e s  t h e  r e l a t i v e  p r o p o r t i o n  o f  
t h e  t o t a l  number o f  l e v e l s  which have  s p i n  J .  The e x p r e s s i o n  f o r  
P j ( J )  i s  d e r i v e d  assum ing  random c o u p l i n g  o f  t h e  a n g u l a r  momenta f o r  t h e
i n d i v i d u a l  n u c l e o n s .
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The sp in  c u t - o f f  pa ram ete r  a i s  r e l a t e d  to  th e  moment o f  i n e r t i a  
I o f  th e  n u c leu s  by
I f  th e  n uc leus  has a n g u la r  momentum J ,  th e n  th e  a s s o c ia t e d  energy i s
2 t 2
257
and p ^ J )  i s  s e t  t o  zero  i f  th e  e x c i t a t i o n  energy i s  l e s s  th a n  TJ2/ 2 a 2 .
In th e  c a l c u l a t i o n s ,  o 2 i s  s e t  t o  0 .3  x I . a t  ze ro  e x c i t a t i o n  wherer i g i d
91 ^  i s  t h e  r i g i d  body moment o f  i n e r t i a .  The v a lu e  o f  z in c r e a s e s
l i n e a r l y  w ith  e x c i t a t i o n  energy  t o  a v a lu e  a t  g iven  by (Gi 65).
Above E , a 2 c o n t in u e s  t o  in c r e a s e  l i n e a r l y  u n t i l  i t  has a v a lu e  o f
T x i .
r i g i d
The v a lu e s  o f  p 1 and p^ and d p ^ d E  and d p ^ d E  a r e  matched a t  
E^ as d e s c r ib e d  in  (Gi 65 ) .  The v a lu e s  o f  EQ , a and T a re  de term ined  
by th e  m atching p ro ced u re .
The v a lu e s  o f  th e  p a ra m e te rs ,  o b ta in ed  from (Gi 65) which were
used in  th e  c a l c u l a t i o n s  a r e  shown in  t a b l e  B. l .
1 0 7 .
TABLE B . 1
Level d e n s i t y  p a ram e te r s  t a k en  from (Gi 65)
Paramete r
Nucleus
P(N)
(MeV)
1 P(Z) 
(MeV)
a
(Mev ^)
Eo
(MeV)
T
(MeV)
E
X
(MeV)
a
■
27A1 1.8
—
-
0 3.45 -0 .35 2.08 9 .6 2 .0
29ai 1.67 0i 4.08 -0 .65 1.88 9 .5 2.2
29 Si 0 2.09 3.57 0.75 1.91 8.1 2.1
31 p 1.67 ; 0
i
3.87 0.40 1.78 7 .5 2.0
39K 1.62 0 4.68 0.95 1.5 7 .0 2.2
41K 1.62
0
4.8 0.91 1.73 9 .9 2.5
41Ca 0 : 1.6 5.44 - 0 .5 1.52 9.2 2.5
43 K 2.2 « 6.8 -1 .8 1.45 10.5
3.0
43Ca 0 J 2.04 6.9 -1 .45 1.37 10.2 2.9
51 v 1.54
»
6.72 -0 .15 1.18 6 .6 2.7
51 Cr 0 1.54 6.64 -0 .78 1.32 7.8 2.8
59 Co 1.2 0 8.04 1
- 0 .4 1.06 6.7 3.0
59 Ni 0 , 3 5.97
i
-1 .75 1.51 9 .7 3.1
4. The v a lu e s  were i n t e r p o l a t e d  from t h e  t a b l e s .
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